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Preface 


Biological  materials  are  naturally  occurring  substances  produced  and  utilized 
internally  or  externally  by  living  organisms.  In  contrast,  biomolecular  materials  are 
partial,  complete  or  modified  replicas  of  biological  materials  whose  synthesis  and 
utilization  may  be  unrelated  to  their  original  biological  source  Whether  die  objective 
is  to  replicate  the  properties  of  a  biological  material,  or  to  produce  derivatives  with 
novel  properties,  the  ultimate  goal  is  to  attain  biomolecular  materials  that  have 
industrial,  medical,  or  agricultural  applications. 

This  symposium,  held  at  the  1992  Fall  Meeting  of  the  Materials  Research  Society, 
brought  together  an  interdisciplinary  group  of  scientists  (zoologists,  molecular  biologists, 
biochemists,  inorganic  and  organic  chemists,  materials  scientists,  mathematicians)  that 
are  directly  or  indirectly  involved  in  some  aspect  of  biomolecular  materials  research. 

The  diversity  of  biological  (Nature's)  materials  was  amply  demonstrated:  cockroach 
elastin,  mussel  adhesives,  trematode  and  avian  eggshells,  spider  and  midge  silks, 
abalone  shell,  rhinoceros  horn,  algal  pigments,  a  bacterial  hemolytic  protein,  and  nut 
shells!  Descriptions  of  these  biological  systems  ranged  from  the  relatively  unknown  to 
detailed  information  regarding  the  structure,  composition,  processing  and  physical 
properties  of  the  biological  material. 

In  several  instances,  particularly  for  protein-based  polymers,  biomolecular  materials 
have  been  obtained  by  cellular  synthesis  through  biotechnology.  Bacterial  cells  have 
been  engineered  to  synthesize  discrete  portions  of  insect  silk  and  mussel  adhesive 
proteins,  multifunctional  proteins  with  a  unique  combination  of  multiple  binding  sites, 
and  recombinant  proteins  with  specific  combinations  of  functional  groups  that  lead  to 
ordered  assembly  into  supramolecular  complexes. 

Numerous  examples  were  presented  whereby  the  synthesis  and  assembly  of 
materials  and  microstructures  was  achieved  in  the  absence  of  a  living  organism.  Cast 
and  Langmuir-Blodgett  monolayer  and  multilayer  films  have  been  obtained  from 
.norganic  and  organic  materials  such  as  tin  oxide,  cadmium  arachidate,  ocladccyl- 
trichlorosilane,  polydiacetylene,  gelatin,  and  copolymers  of  polythiophene  and 
phenol/aniline  derivatives.  Films  have  also  been  obtained  from  proteins  such  as 
poly(-y-benzyl-C-glutamate),  a  modified  cytochrome,  regenerated  silk,  and  actm. 
Phospholipase  and  antibody  films  have  been  achieved  at  the  interface  of  lipid 
biomembranes.  Non-cellular  synthesis  can  also  yield  higher-order  structures,  including 
three-dimensional  lattices  of  DNA,  liquid  crystals  of  proteins,  hydroxyapalite-ZnO- 
polyacrylate  composites,  and  magnetite  and  protein  fibers. 

While  biochemical  techniques  provide  insight  about  the  biological  material, 
biophysical  and  materials  science  techniques  have  been  used  to  study  the  ultrastructure 
and  mechanical  properties  of  the  biomolecular  materials.  In  addition  to  those  mentioned 
above,  specific  data  were  presented  for  abalone  nacre  (a  ceramic-polymer  composite), 
avian  eggshell,  algal  pigment  proteins,  homopolymeric  and  repeated  periodic  peptides, 
magnetite  fibers,  and  membranes  based  on  hyaluronic  acid.  The  applicable  techniques 
include  microscopy  (optical,  scanning  electron,  transmission  electron,  atomic  force), 
spectroscopy  (visible  light,  ultraviolet  light,  circular  dichroism,  laser  Raman.  Fourier 
transform  infrared,  angular  resolved  electron),  ellipsometry,  solid  state  nuclear  magnetic 
resonance  imaging,  x-ray  diffraction  and  computational  modelling. 

Finally,  some  biomolecular  materials  have  attained  the  applications  stage.  For 
example,  biologically  produced  composites  have  been  used  to  establish  new  approaches 
to  synthesis,  processing  and  design  for  ceramic  matrix  composites.  A  bacterial  protein 
that  normally  lysis  red  blood  cells  can  sclf-assemble,  insert  into  lipid  biiayers  and  form 
a  pore  capable  of  interconversion  between  either  of  two  conductance  states.  Both  a 
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cross-linked  elastomeric  matrix  of  a  viscoelastic  polypeptide  and  a  hyaluronic  acid 
based  membrane  have  been  shown  to  prevent  post  operative  adhesions.  The  elastomeric 
protein,  in  particular,  has  undergone  extensive  testing  for  adhesion  prevention  in  mode! 
mammalian  peritoneal  and  eye  surgeries. 

Though  few  biomolecular  materials  have  reached  the  applications  stage,  many  more 
have  the  potential  to  do  so.  The  probability  of  success  will,  to  a  large  degree,  depend 
upon  continued  interactions  and  increased  collaborations  between  interdisciplinary  teams 
of  scientists  such  as  those  who  enthusiastically  participated  in  this  stimulaung 
symposium. 


Steven  T.  Case 
Christopher  Viney 
J.  Herbert  Waite 

February  199.1 
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ABSTRACT 

We  would  like  to  mimic  the  mechanical  properties  of  animal  systems  for  the  development  of 
novel  materials.  Insect  cuticle  serves  as  one  source  of  inspiration  for  the  design  of  these 
materials.  Cuticle  is  composed  of  chi  tin  embedded  in  a  protein  matrix  which  may  also  contain 
plasticizers,  fillers,  crosslinkers,  and  minerals.  The  specific  properties  of  the  cuticle  depend  on 
the  type,  amount  and  interactions  between  each  component.  We  are  renewing  the  investigation 
of  the  elastic  cuticle,  resilin.  Resilin,  a  protein-based  elastomer  first  described  in  the  early 
1960s.  has  properties  which  have  been  reported  to  be  most  like  those  of  ideal  rubbers.  We  have 
examined  resilin  isolated  from  the  prealar  arms  of  the  cockroach.  Periplaneta amei icana .  The 
results  of  amino  acid  analysis  are  in  good  agreement  with  earlier  data  reported  for  resilin.  A 
series  of  tryptic  fragments  have  been  isolated  and  sequenced.  These  peptides  have  been  used 
for  the  design  of  oligonucleotide  probes  for  the  identification  of  the  gene(s)  from  a  teneral 
cockroach  cDNA  library.  A  biopolymer,  based  on  one  tryptic  fragment,  has  been  designed  and 
synthesized.  We  are  continuing  to  treat  resilin  with  residue  specific  proteases  in  order  to  map 
the  resilin  protein. 

INTRODUCTION 

Certain  areas  of  the  exoskeleton  in  many  insects  exhibit  long-range,  reversible  rubber-like 
elasticity.  This  rubber-like  cuticle  is  composed  of  small  chitin  lamellae  embedded  in  a  protein 
matrix.  The  protein,  resilin,  is  responsible  for  the  elastomeric  properties  of  this  cuticle 
Resilin  was  first  described  in  196(1  [  1 1.  This  protein  was  initially  identified  in  the  flight  |2j  and 
jumping  mechanisms  |3)  of  insects,  but  has  since  been  found  in  other  structures  of  various 
arthropods  [4,5,6,7|.  The  elastic  tendon  from  the  dragonfly,  Aeshna  juncea.  has  been  used  to 
demonstrate  that  the  elastomeric  properties  of  resilin  arise  from  the  entropic  force  associated 
with  protein  deformation  (8).  Loaded  elastic  tendon  did  not  exhibit  any  creep  over  a  period  of 
days  or  weeks.  The  tendon  also  displayed  complete  elastic  recovery  with  no  observed 
hysteresis  |9).  Resilin  has  been  viewed  by  X-ray  diffraction  and  electron  microscopy  and  no 
fine  ultrastructure  has  been  observed  [10).  Resilin  is  not  soluble  in  any  solvent  that  does  not 
degrade  peptide  bonds.  This  insolubility  has  been  attributed  to  the  nature  of  the  protein’s 
crosslinks.  Although  resilin  is  reportedly  loosely  crosslinked,  the  crosslinks  are  fomied  as  a 
result  of  a  post-translational  free  radical  reaction  involving  the  tyrosyl  residues  [II).  Advances 
in  molecular  biology  and  protein  chemistry  have  allowed  for  the  renewed  investigation  of  this 
biomaterial. 

MATERIALS  AND  METHODS 

Amino  acid  composition 

The  prealar  arms  from  adult  Periplaneta  americana  (US  Army,  Aberdeen,  MD)  and  Blaberus 
craniifer  (gift  from  L.  Roth,  Harvard  University)  were  dissected  and  stored  in  70%  ethanol 
according  to  a  procedure  outlined  by  Bailey  and  Weis-Fogh  |)2],  Whole  prealar  arms  were 
hydrolyzed  in  constant  boiling  6N  HCI  (0.2  ml)  at  1 12°C'  for  22  hours  on  a  Water's  Pico  Tag 
workstation.  The  hydrolysate  was  analyzed  for  amino  acid  content  on  a  Waters  Pico  Tag 
column  (15cm)  following  the  standard  recommended  procedure.  All  analyses  were  performed 
in  triplicate. 
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Tryptic  digestion 

The  prealar  arms  of  50  adult  P  amerieana  (1.47mg)  were  dissected  and  transferred  into  a 
200>nl  working  volume  tissue  grinder  (Kontes).  All  subsequent  reactions  were  carried  out  in 
this  vial.  After  the  arms  were  ground,  a  small  amount  (10ml)  of  ON  guanidine  HC1,  50mM 
Tris-HCl  pH7.7.  was  added  to  the  ground  arms  and  homogenization  continued.  Additional 
guanidine  solution  was  added  to  bring  the  final  volume  to  200ml.  The  digestion  mixture  was 
incubated  at  room  temperature  for  24  hours.  The  resulting  mixture  was  centrifuged  and  the 
supernatant  discarded.  The  precipitate  was  washed  twice  with  200niM  ammonium  bicarbonate 
to  remove  any  residual  denaturant,  then  resuspended  in  100m!  of  ammonium  bicarbonate 
solution.  Approximately  20  BATE  units  of  trypsin  (Sigma.  EC  3.4.31.4)  were  added  and  then 
incubated  at  37°C  for  24  hours  The  reaction  was  centrifuged  and  the  supernatant  collected  and 
o.ied. 

Isolation  ami  analysis  of  peptides 

The  dried  digested  material  was  resuspended  in  0.2  ml  of  0.09%  trifluoroacetic  acid/water  then 
filtered  Samples  (25|d)  were  injected  onto  a  narrow  bore  HPI.C  column  (Waters  Delta  Pak 
CIS.  300A,  2x150  mm,  5mm)  equilibrated  with  95%  0.09%  trifluoroacetic  acid/5% 
acetonitrile.  The  fragments  were  eluted  over  a  linear  gradient  running  from  5-25%  organic 
phase  (acetonitrile).  The  UV  absorbance  was  monitored  on  a  Waters  991  photodiode  art.  y 
detector  at  210  and  280nm.  Fractions  were  collected  and  dried  under  vacuum. 

Sequencing 

The  fractions  were  analyzed  for  their  amino  acid  content  then  sequenced  via  automated  Edman 
degradation  using  an  ABI  470A  gas  phase  peptide  sequencer  at  the  Analytical  and  Synthetic- 
Facility  at  Cornell  University. 

Biopolymer  synthesis  and  characterization 

The  peptide.  N-(AGPHGAFYKGFGSGb-C,  was  assembled  in  a  stepwise  synthesis  using  N- 
Fmoc  (9-Fluorenyltnethloxycarbonyl)  protected  amino  acids  and  TBTU  (2-(lH-Benzotriazole- 
l-yl)-l,l,3,3-tetramethyluronium  tetrafloroborate)  activation  on  a  MilliGen  9050  continuous 
flow  synthesizer.  Purification  was  by  reverse  phase  HPLC  using  an  acetonitrile-water  gradient 
containing  0.05%  TFA  and  an  ODS-AQ  column  (YMC,  Morris  Heights.  NJ).  The  positive  ion 
electrospray  mass  spectrum  showed  M+3H  through  M+9H  ions  of  the  expected  masses. 
Amino  acid  analysis  (Waters  Pico-Tag)  confirmed  that  the  product  had  the  correct  composition. 
The  peptide  content  of  the  lyophilized  product  was  determined  to  be  86%  by  quantitative  amino 
acid  analysis,  the  balance  being  bound  water  and  TFA  counter-ions.  Circular  dichroism  (CD) 
spectra  were  recorded  in  the  wavelength  range  of  240-190  nm  on  an  AVIV  60DS  solid  state  CD 
spectrophotometer  (AVV.  Associates,  Lakewood.  NJ).  The  instrument  was  calibrated  using 
+d-10-camphorsulfonic  acid  and  also  with  benzene  vapor  in  a  long  pathlength  (10  cm)  cell. 
Secondary  structure  determination  was  made  using  a  program  supplied  by  AVIV  which  is 
based  on  the  work  of  Yang  et  al.  1 13|.  Thermogravimetric  analysis  (TGA)  was  performed  in  a 
nitrogen  atmosphere  on  a  TA  Instruments  Hi-Res  TGA  2950  Thermogravimetric  Analyzer. 
Calorimetric  measurements  were  taken  at  a  rate  of  l0°C/min  on  a  Du  Pont  Instruments  912 
Differential  Scanning  Calorimeter  (DSC). 


RESULTS 

The  results  of  the  amino  acid  analysis  are  presented  in  tabular  form  in  Table  1.  The  tryptic- 
fragments  were  separated  by  reverse-phase  HPLC.  then  sequenced.  The  results  are  found  in 
Table  2. 

Previous  studies  have  shown  resilin  to  have  no  significant  secondary  structure  (10].  Computer 
generated  secondary  structure  predictions  based  on  the  sequence  data  reported  here 
(DNASTAR,  Inc.,  Madison,  WI)  suggest  that  the  fragments  contains  a  high  degree  of  fi-tum. 
CD  analysis  of  the  resilin-like  peptide  (Figure  1)  reveals  that  the  8-structure  accounts  for 
approximately  2/3  of  the  secondary  conformation  with  39.0%  and  27.8%,  B-sheet  and  B-turn 
respectively.  Alpha  helix  accounts  for  15.2%  of  the  secondary  structure  and  random  coil 
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18.0%.  This  may  reflect  localized  areas  of  ordered  conformation.  TGA  shows  four  discernible 
decomposition  events,  at  171°C,  238°C,  336°C  and  387°C.  The  residue  at  600°C  accounts  for 
39±4%  of  the  starting  weight;  comparable  to  that  found  for  Bomby.x  mori  silk  The  residue 
disappears  when  the  purge  gas  is  changed  from  nitrogen  to  air  The  DSC  first-heating  scan 
shows  one  endothermic  peak,  with  a  peak  temperature  of  83°C  and  a  AH  of  83  J/g.  Subsequent 
cooling  and  heating  scans  show  no  event  other  than  decomposition. 


Table  1 .  Amino  acid  composition  analysis  of  resilin  (in  mole  percent)  All  samples  were  taken 
from  the  prealar  arms  of  the  organisms 


Amino 

Acid 

Cockroach 
( Blaberus  sp.) 

Cockroach 

( Periplanela  americanu) 

Locust  * 

(Schistocerca  gregaria) 

Asx 

6.6 

6.8 

11.3 

Glx 

5.8 

6.3 

3.8 

Ser 

9.9 

9.0 

7  5 

Gly 

37.0 

34.9 

39.7 

His 

2.4 

2.2 

1.1 

Arg 

2.6 

2.2 

3.8 

Thr 

2.6 

2.5 

3  1 

Ala 

11.2 

13.3 

112 

Pro 

8.3 

8.7 

7.7 

Tyr 

3.5 

3.9 

2.9 

Val 

4.1 

4.1 

2,5 

Met 

-- 

Cys 

— 

He 

0.9 

0.8 

1.4 

I-eu 

1.3 

1.7 

2.8 

Phe 

3.0 

2.8 

2.4 

Lys 

0.4 

0.5 

0.5 

Totals 

99.6% 

99.7% 

100.0% 

'|15! 


DISCUSSION 

The  amino  acid  composition  of  resilin  isolated  from  the  cockroach,  P  americanu.  has  been 
established  and  compares  well  to  that  reported  for  resilin  present  in  other  insects.  Our  results 
show  glycine  (34.9%),  alanine  (13.3%).  serine  (9.0%)  and  proline  (8.7%)  as  the  major 
components  of  this  protein.  Tyrosine  is  present  at  4.1%.  Although  the  data  are  in  good 
agreement  with  the  results  previously  published,  slight  variations  are  apparent  as  would  be 
expected  from  different  organisms.  Bailey  and  Weis-Fogh  [12]  used  the  wing  hinge  ligaments 
and  prealar  arms  from  the  locust,  S.  gregaria,  and  the  elastic  tendon  of  the  dragonfly,  A 
jwicea,  to  determine  the  amino  acid  composition  of  resilin.  The  results  for  these  samples  did 
not  vary  significantly  and  therefore  were  averaged  by  the  investigators.  Their  analyses  found 
the  major  components  of  resilin  to  be  glycine  (38%),  alanine  (11%),  aspartic  acid  (10%). 
serine  (8%),  and  proline  (7.8%).  There  were  no  sulfur-containing  amino  acids  and  only  trace 
amounts  of  tryptophan  [14],  These  data  were  later  reexamined  by  Andersen  [15|.  He  found 
no  differences  from  the  amino  acid  data  published  earlier.  Also  included  were  data  for  resilin 
from  other  insects.  The  major  difference  between  the  cockroach  resilin  and  that  of  other 
resitins  is  in  the  amount  of  asx  and  glx  residues.  Interestingly,  the  combined  percentage  of 
these  residues  is  approximately  the  same  with  the  exception  of  the  abdominal  spring  of 
Oryctes  rhinoceros,  which  has  an  unusually  high  amount  of  aspartic  acid. 
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Table  2.  Sequences  of  peptide  fragments  from  tryptic  digests  of  resilin  isolated  from  the  prealar 
arms  of  P.  americana..  The  two  columns  represent  sequence  data  collected  from  different 
digests  and  starred  sequences  were  found  in  both  preparations. 


APSSTY 

DGDVAQGSY* 

SAPAVGYT 

LDGSSQED 

VAPEVAQ 

NVLLPDGR* 

GFGSGAGPHGSFYK 

EFSYDVNDASTGTEF* 

QQGDSGGPV 

VLDYD 

SSGTSYPDV 

YDVNDASA 

GFGSGAGPHGAF 


GDQESR 

KPEIR 

DGDVAQGSY* 

GAPGGGQ 

NVLLPDGR* 

NINVVE 

EFSYDVNDASTGTEF* 


In  addition  to  resilin,  several  other  rubber-like  proteins  have  been  identified,  abductin  and 
elastin.  Resilin,  elastin  and  abductin  perform  similar  functions  in  the  different  organisms  in 
which  they  are  present  but  each  has  a  noticeably  different  amino  acid  composition  [  1 6. 17 1 . 
These  proteins  are  all  rich  in  glycine.  Small  side  chain  amino  acids  (glycine,  alanine,  serine) 
account  for  55%  to  70%  of  the  total  residues  for  these  elastomeric  proteins.  These  residues 
also  comprise  over  85%  of  the  structural  protein,  silk  fibroin  from  B.  mori  (181.  Therefore, 
one  would  not  expect  these  amino  acids  themselves  to  be  responsible  for  the  elastomeric 
properties.  These  proteins  are  crosslinked  via  significantly  different  processes. 

The  physical  properties,  structure  and  amino  acid  composition  of  resilin  have  been  thoroughly 
investigated;  however,  no  sequence  data  have  been  previously  reported.  Bailey  and  Weis-Fogh 
(12)  suggested  that  glycine,  which  accounts  for  one  third  of  the  amino  acid  composition,  is 
present  at  every  third  residue.  The  limited  sequence  data  reported  here  does  not  support  this 
suggestion.  Only  one  fragment  isolated  to  date  has  a  significant  amount  of  glycine  present  in 
any  repetitious  manner.  There  is  not  enough  sequence  information  to  suggest  any  regularly 
occurring  repeating  subunits  or  ultrastructure. 

The  sequence  data  have  allowed  us  to  design  and  synthesize  oligonucleotide  probes  for  use  in 
screening  a  cDNA  library.  The  degeneracy  of  the  genetic  code  along  with  the  unknown  codon 
preference  for  cockroaches  creates  ambiguity  in  the  design  of  these  probes.  We  have 
eliminated  the  number  of  probes  created  as  a  result  of  mixed  sites  through  the  use  of  inosine. 
This  will  allow  hybridization  to  mixed  sites.  The  use  of  multiple  probes  should  allow  for  the 
identification  of  resilin-encoding  clones. 

A  short  biopolymer,  N-fAGPHGAFYKGFGSGL-C,  with  a  confirmed  molecular  mass  of 
5355.09  amu,  has  also  been  designed  and  synthesized  based  on  this  sequence  data.  The 
physical  characterization  of  the  peptide  indicates  significant  B-structure  (Figure  1 ).  These  data 
support  the  computer-generated  secondary  structure  predicted  for  this  peptide.  Thermal 
characterization  of  the  resilin-like  biopolymer  indicates  no  melt  transition  but  significant  thermal 
stability  (up  to  about  40%)  when  heated  to  600°C  in  a  nitrogen  atmosphere.  Initially  we  were 
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Figure  1.  CD  analysis  of  the  synthetic  peptide.  The  y-axis  is  in  mean  residue  ellipticity  (divide 
by  1 10  for  milli-degreex). 
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concerned  about  the  presence  of  contaminating  salt.  A  quanlitative  amino  acid  analysis 
accounted  for  all  but  16%  of  the  mass  of  the  starting  material;  the  remainder  is  believed  to 
reflect  the  water  content.  This  material  decomposes  in  the  presence  of  air.  possibly  indicating  a 
stable  carbon  backbone.  We  have  started  crosslinking  studies  to  compare  the  properties  of  the 
uncrosslinked  polymer  to  that  of  the  crosslinked  stale.  One  significant  difference  will  be  the 
crosslink  density  as  natural  resilin  is  approximately  4%  whereas  the  synthetic  polypeptide  is 
79c.  This  will  also  serve  to  increase  the  molecular  weight  of  the  material. 
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ABSTRACT 

A  phosphorylated,  glycoprotein  preparation  has  been  obtained  from  orb 
webs  of  the  araneid  spider  Argiope  uurantiu.  This  preparation  probably 
contains  proteins  from  more  than  one  gland  type,  but  resolution  of  these 
proteins  has  not  yet  been  achieved.  Nevertheless,  a  major  component  appears  to 
be  the  adhesive  glycoprotein(s)  from  the  adhesive  spiral.  A  product  of  the 
aggregate  glands2  6,  this  glycoprotein(s)  occurs  as  discrete  nodules  along  the 
core  fibers  of  the  adhesive  spiral,  within  the  viscid,  aqueous  droplets1112. 

The  glycoprotein  preparation  has  a  high  apparent  molecular  weight  (>  200 
kDa)  and  is  polydisperse.  The  only  monosaccharide  constituent  identified  by 
gas-liquid  chromatography  or  in  lectin  studies  is  /V-acetylgalactosamine  and  this 
is  at  least  primarily  O-linked  to  threonine.  By  electron  microscopy,  linear, 
unbranched  and  apparently  flexible  filaments  are  observed.  Phosphorylated 
serine  and  threonine  residues  are  present  in  the  preparation  and  glycine,  proline 
and  threonine  together  account  for  about  57  mole  %  of  the  preparation's  amino 
acid  content.  Thus,  in  some,  but  not  all,  respects,  this  glycoprotein  preparation 
is  reminiscent  of  a  secretory  mucin. 

INTRODUCTION 

The  orb  webs  of  araneid  spiders  are  composed  of  elements  from  several 
types  of  glands.  Major  ampullate  silk  glands  (principally)  give  rise  to  various 
nonadhesive  fibers  in  the  web,  including,  but  not  limited  to,  frame  lines,  the  hub 
spiral  and  the  spoke-like  radii1  \  Pyriform  glands  produce  attachment  disks1-2’4 
and,  likely,  the  cements  which  occur  at  junctions  between  ampullate  fibers1-1  ■s 
(e.g.  at  hub  spiral/radius  junctions).  (Cements  at  adhesive  spiral/radius 
junctions  are  of  unknown  origin.)  Flagelliform  glands  produce  the  core  fibers 
of  the  adhesive  spiral  while  aggregate  glands  produce  the  viscid  solution  which 
envelops  these  core  fibers2-6.  It  is  with  the  viscid  coating  of  the  adhesive  spiral 
that  this  paper  is  largely  concerned. 

The  aqueous  solution  that  emerges  from  the  aggregate  gland  spigots  contains 
organic  and  inorganic  low  molecular  weight  components  (<  200  Da)  in  high 
concentration7  10,  as  well  as  protein.  After  it  is  applied  to  the  core  fibers,  this 
solution  takes  the  form  of  a  series  of  droplets  connected  by  narrow  liquid 
bridges.  If  adhesive  spiral  segments  are  examined  microscopically,  one  or  two 
discrete  nodules  can  usually  be  observed  surrounding  the  core  fibers  within 
each  droplet1112.  These  nodules  are  composed,  at  least  in  part,  of  glycoprotein. 

Mat.  Res.  Soc.  Symp.  Proc.  Vol.  292.  1993  Materials  Research  Society 


Guanidine  hydrochloride  extracts  of  orb  webs  built  by  Argiope  aurantia  have 
yielded  a  glycoprotein  preparation  which  appears  to  originate  in  part  with  the 
nodules.  A  preliminary  characterization  of  this  glycoprotein  preparation 
follows. 

MATERIALS  AND  METHODS 

Web  Collection 

Adult  and  late  juvenile  female  Argiope  aurantia  Lucas  were  collected  in 
New  Hampshire,  Maine  and  Massachusetts.  Uncontaminated  orb  webs  were 
obtained  by  maintaining  spiders  individually  in  cages  for  up  to  one  week 
without  feeding.  Spiders  were  given  water  daily.  Webs  were  collected  daily  on 
glass  rods  and  stored  at  -20°C  until  analyzed.  As  an  aid  in  locating  orb  web 
components  following  separation  by  chromatographic  and  electrophoretic 
procedures,  some  spiders  were  fed  10  //Ci  D-[  ,4C(U)]-gIucose  (NEN  Research 
Products,  Boston,  MA)  and  their  webs  were  added  to  nonradioactive  web 
collections.  The  occurrence  of  phosphorus  in  the  glycoprotein  preparation  was 
examined  by  feeding  each  of  30  spiders  an  average  of  27  pC\  [3-P]-Na2HP04 
(NEN).  Isotopes  were  offered  to  spiders  in  aqueous  solution  from  the  tips  of  10 
pL  Hamilton  syringes. 

Web  Extraction  and  Fractionation 

Collection  rods  coated  with  web  were  extracted  in  batches  of  about  50-70 
webs  with  3  mL  filtered  6  M  guanidine  HC1,  0.7  M  2-mercaptoethanol.  0.2  M 
Na^HPO^  Extraction  was  allowed  to  proceed  for  1  day  with  occasional  low- 
speed  vortexing.  The  solvent  used  does  not  solubilize  all  web  components.  In 
an  effort  to  determine  which  web  elements  are  solubilized  by  this  solution, 
droplets  of  solvent  were  directly  applied  to  selected  areas  of  webs  which  had 
been  collected  on  glass  plates13.  The  results  were  observed  by  light  microscopy 
using  a  Zeiss  RA  38  microscope. 

Web  extracts  were  fractionated  by  size-exclusion  chromatography  on  90  cm 
x  2  cm-  columns  of  Sephacryl  S-400  HR  (Pharmacia  LKB,  Piscataway,  NJ) 
using  the  aforementioned  guanidine  solution  for  equilibration  and  elution  of 
columns.  Row  rates  were  typically  about  10  mL/h  and  2.5  -  3.2  mL  fractions 
were  collected  (LKB-Bromma  2212  Helirac).  Radioactivity  and  O.D.  280  of 
each  fraction  were  determined  using  a  LKB-Wallac  1214  Rackbeta  Excel  liquid 
scintillation  counter  and  a  Beckman  DB-GT  grating  spectrophotometer, 
respectively.  Pooled  fractions  were  dialyzed  against  distilled  water  (Spectrum 
Spectra/Por  6  membranes,  mol.  wt.  cutoff  2000  Da)  and  lyophilized  (Labconco 
Freeze  Dryer  4.5).  Lyophilized  material  was  often  desiccated  in  vacuo  over 
P2O5  and  weighed  (Perkin-Elmer  AD-2  autobalance  or  Mettler  AE  163  or 
HlOTw  balances).  The  'glycoprotein  preparation'  used  in  the  analyses  described 
below  consisted  of  the  earliest  eluting  material  off  the  Sephacryl  columns  (Fig. 
1). 

Since  inorganic  phosphate  is  one  of  the  solutes  in  the  viscid  coating  of  the 
adhesive  spiral7  8,  the  32p.|abeled  web  was  washed  with  water  before  being 


extracted  with  the  guanidine  solution.  This  was  done  by  gently  immersing  the 
web-coated  collection  rod  in  20  mL  distilled  water  for  1  h  four  times  (with  no 
vortexing).  Radioactivity  in  extracts  and  fractions  was  measured  by  Cherenkov 
counting. 

Sodium  Dodecvl  Sulfate  Polyacrylamide  Gel  Electrophoresis  (SDS-PAGF.) 

Dialyzed  and  lyophilized  guanidine  extracts  or  fractions  thereof  were 
examined  by  SDS-PAGE  on  3.75%  or  14%  uniform  concentration  or  5-20% 
linear  gradient  acrylamide  gels  using  the  discontinuous  system  of  Laemmli14, 
with  AcrylAide  (FMC  BioProducts,  Rockland,  ME)  used  as  crosslinker  in  place 
of  N.N'-methylenebisacrylamide.  Gels  were  polymerized  on  GelBond  PAG 
film  (FMC).  Electrophoresis  was  performed  at  25  mA,  requiring  about  5  h. 
After  electrophoresis,  proteins  were  fixed  and  stained  overnight  in  a  solution  of 
2  propanol/glacial  acetic  acid/water  (25/10/65,  v/v/v)  containing  0.1% 
Coomassie  brilliant  blue  R-250  (BRL,  Gaithersburg,  MD).  The  same  solution, 
without  dye  but  with  3%  glycerol  added,  was  used  for  destaining.  After  rinsing 
with  distilled  water,  gels  were  air  dried  and  photographed  using  Kodak 
Electrophoresis  Duplicating  Paper.  In  the  case  of  radioactive  samples.  Kodak 
SB-5  film  was  used  to  prepare  autoradiograms  from  dried  gels.  Molecular 
weight  standards  were  products  of  BRL. 

Chemical  Composition  of  Glycoprotein  Preparation 

1.  Amino  add  composition.  Amino  acid  analyses  were  performed  at  the 
Instrumentation  Center  of  the  University  of  New  Hampshire  (UNH)  and  at  AAA 
Laboratory  (Mercer  Island,  Washington).  At  both  locations,  amino  acid 
analyzers  employing  ion-exchange/ninhydrin  methodology'5  were  used. 
Samples  analyzed  at  UNH  were  hydrolyzed  in  6  N  HC1  under  vacuum  at  1 10’C 
for  24  h  and  then  dried  in  vacuo  over  NaOH  pellets.  Analyses  were  performed 
on  a  Beckman  1I8CL  amino  acid  analyzer  coupled  to  a  Varian  LSD  III 
integrator.  Samples  analyzed  at  AAA  Laboratory  were  hydrolyzed  under 
vacuum  (50  mtorr)  for  20  h  at  1 15°C  in  6  N  HC1,  0.05%  2-mercaptoethanol,  to 
which  one  crystal  of  phenol  was  added.  Hydrolysates  were  dried  in  vacuo  using 
a  Buchler  Evapo-Mix  and  analyzed  on  either  a  Dionex  D550  amino  acid 
analyzer  (with  a  PDP  8/L  computer  operating  with  Dionex  MK  II  software)  or 
a  Beckman  6300  amino  acid  analyzer  upgraded  to  a  7300  (with  a  Northgate  PC 
computer  operating  with  Beckman  System  Gold  software).  Buffer  systems  and 
operating  conditions  for  the  analyzers  followed  the  manufacturers’ 
recommendations.  In  all  analyses,  the  destruction  during  hydrolysis  of  10%  of 
the  serine  and  5%  of  the  threonine  was  assumed1'16  and  compensated  for  in 
calculating  amino  acid  composition. 

Cystine/2  was  determined  at  AAA  Laboratory  by  the  performic  acid 
oxidation  method  described  by  Moore17’  except  that  oxidation  took  place  at 
50"C  for  15  min.  Following  oxidation,  acid  hydrolysis  was  performed  as 
described  above  for  this  facility  and  the  hydrolysates  were  analyzed  on  the 
Beckman  7300  amino  acid  analyzer.  The  molar  percentage  of  cysteic  acid  was 
calculated  by  reference  to  aspartic  acid. 
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2.  Phosphate  linkage.  Portions  of  the  ^-P-labeled  glycoprotein  preparation 
were  t.ydrolyzed  in  6  N  HC1  at  1 10°C  for  1  h  or  4  h1819  and  then  dried  on  a 
Savant  Speed-Vac  concentrator.  The  air  was  not  evacuated  from  the  hydrolysis 
tubes  before  they  were  sealed.  Aliquots  of  hydrolysate  resulting  from  0.5- 1.5 
mg  of  unhydrolyzed  glycoprotein  preparation  were  electrophoresed  at  3000  V 
on  23  x  57  cm  sheets  of  Whatman  3MM  chromatography  paper.  Standard 
phosphoserine  (P-Ser),  phosphothreonine  (P-Thr)  and  phosphotyrosine  (P-Tyr) 
(Sigma  Chemical,  St.  Louis,  MO)  were  co-electrophoresed  and  their  positions 
used  to  identify  their  radioactive  counterparts  in  the  hydrolysates.  A  given 
portion  of  hydrolysate  was  either  electrophoresed  for  I  h  using  a  formic 
acid/acetic  acid/water  electrolyte,  pH  1 .92n,  or  electrophoresed  for  45  min  using 
a  pyridine/acetic  acid/water  electrolyte,  pH  3.519.  The  current  at  the  start  of  a 
run  was  typically  100  mA  for  the  pH  1.9  electrolyte  and  130  mA  for  the  pH  3.5 
electrolyte.  Autoradiograms  were  prepared  from  the  electrophoretograms  as 
for  SDS-PAGE  gels,  after  which  phosphoamino  acids  and  other  amines  were 
visualized  w  ith  ninhydrin/cadmium  acetate21.  Densitometry  was  performed  on 
autoradiograms  using  an  Elmo  EV-308  visual  presenter  and  a  Macintosh  II 
computer  operating  with  Image  version  1.22  software  (by  W.  Rasband. 
Research  Services  Branch,  NIMH). 

3.  Carbohydrate  composition.  Monosaccharide  constituents  of  samples 
(0.12  -  0.69  mg)  of  the  glycoprotein  preparation  were  identified  by  gas  liquid 
chromatography  (GLC)  as  their  trimethylsilyl  derivatives  using  a  procedure 
published  by  Cnaplin22.  Methanolysis  was  performed  by  treating  lyophilized 
samples  with  0.63  N  methanolic  HCI  for  4  h  at  90'C.  Following  re-A- 
acetylation  and  subsequent  trimethylsilylation  using  A  methyl-A-trimethylsilyl 
trifluoroacetamide  (Pierce  Europe  B.V.,  Oud-Beijerland,  The  Netherlands),  the 
monosaccharide  derivatives  were  separated  on  a  fused  silica  capillary  column 
(30  m)  wall-coated  with  RSL  300  (Alltech,  Unterhaching,  FRG)  using  the 
following  temperature  program:  100°C  to  130°C  at  16°C/min.  then  up  to  260°C 
at  4°C/min. 

Hexosamine  analyses,  again  using  ion  exchange/ninhydrin  methodology15, 
were  performed  at  AAA  Laboratory  on  0.50-1.05  mg  samples  of  the 
glycoprotein  preparation.  Samples  were  hydrolyzed  under  vacuum  (50  mtorr) 
for  4  h  at  1 15°C  in  4  N  HClmod  from  21,  dried  using  a  Buchler  Evapo-Mix  and 
analyzed  on  the  Beckman  7300  amino  acid  analyzer  optimized  for  resolving 
amino  sugars. 

Lectin  affinities  were  examined  by  double  diffusion  tests24  in  plated  gels 
consisting  of  1%  low  melting  point  agarose  (BRL)  in  60  mM  barbiial  buffer, 
pH  8.6,  with  0.02%  sodium  azide.  Lectins  (Sigma  Chemicai;  and  the 
glycoprotein  preparation  were  added  to  wells  at  a  concentration  of  1  mg/mL  in 
the  same  buffer. 

In  addition,  the  presence  of  sialic  acids  in  the  orb  web  was  investigated 
using  the  resorcinol  method  of  Svennerholm25.  Batches  of  up  to  six  whole  orb 
webs  from  adult  females  were  assayed. 

4.  Substituents  O-linked  to  serine  or  threonine.  To  estimate  the  extent  of 
O -substitution  (including,  but  not  limited  to,  glycosylation  and 
phosphorylation26)  of  serine/threonine  residues,  samples  (about  0.7  mg  each)  of 
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the  glycoprotein  preparation  were  treated  with  0.2  N  NaOH  at  45°C  for  5,  10 
or  24  hmod  from  27-2!*.  The  reaction  mixtures  were  then  neutralized  with  6  N  HC1 
and  dried  under  vacuum  over  P2O5.  Acid  hydrolysis  and  amino  acid  analysis 
were  performed  at  AAA  laboratory  as  described  above.  By  the  alkaline 
pretreatment  0-substituted  serine  and  threonine  residues  are  converted  to  2- 
aminopropenoic  acid  and  2-amino-2-butenoic  acid,  respectively,  as  a  result  of  a 
p-elimination  reaction 26-2'\  A  reduction  in  the  molar  percentages  of  threonine 
and/or  serine  indicates  the  extent  of  O-substitution  of  these  amino  acids. 

Electron  Microscopy  of  Glycoprotein  Preparation 

Lyophilized  samples  of  the  glycoprotein  preparation  were  prepared  for 
electron  microscopy  using  the  spreading  procedure  of  Kleinschmidt  and  Zahrr*0, 
with  modifications'*1.  Samples  were  solubilized  in  1  M  ammonium  acetate,  pH 
5.0,  at  a  concentration  of  25  /rg/mL.  Aliquots  of  50  /rL  were  mixed  with  50  // L 
of  10  mM  Tris,  1  mM  EDTA,  pH  8.5,  and  2  ;rL  cytochrome  c  (2.5  n.g/mL  2  M 
Tris,  50  mM  EDTA,  pH  8.5).  Using  0. 15  M  ammonium  acetate,  pH  7.0,  as 
hypophase,  the  protein  was  layered  down  a  ramp  onto  the  hypophase  surface. 
This  was  allowed  to  spread  for  30  sec.  Monolayer  samples  were  picked  up  onto 
copper  grids  (300  mesh)  coated  with  carbon-stabilized  Parlodion  These  were 
stained  immediately  with  5  x  10-5  m  uranyl  acetate  in  90%  ethanol  for  30  sec, 
rinsed  with  90%  ethanol  and  air  dried.  The  grids  were  rotary  shadowed  with  a 
15  mm  platinum/palladium  wire  at  low  angles  (6-10  degrees).  Glycoproteins 
were  observed  in  a  JEOL  100B  electron  microscope  and  photographed.  The 
photographs  were  enlarged  to  55,100  X  and  glycoprotein  contour  lengths  were 
measured  in  well  spread  preparations. 

RESULTS 

Size-Exclusion  Chromatography  and  SDS-PAGE 

The  'glycoprotein  preparation'  examined  in  this  study  was  obtained  by 
fractionating  guanidine  extracts  of  A.  aurantia  orb  webs  on  Sephacryl  S-400  HR 
and  pooling  the  earliest  eluting  material.  This  high  Mr  material,  not  easily 
detected  at  280  nm  (at  least  while  in  the  guanidine  solution),  begins  eluting  just 
after  the  void  volume  (Fig.  IB).  Thus  far,  attempts  to  examine  the 
heterogeneity  of  the  material  by  SDS-PAGE  have  yielded  results  which  are 
difficult  to  evaluate.  When  electrophoresed,  a  high  molecular  weight  (>  200 
kDa)  is  again  indicated,  but  the  preparation  forms  a  diffuse  smear  rather  than  a 
distinct  band  or  bands.  Very  poor  staining  with  Coomassie  blue  is  also 
characteristic  of  the  material. 

Later  fractions  off  Sephacryl  columns  contained  four  to  six  major  proteins 
of  lower  Mr  (<  35  kDa)  as  well  as  aboui  ten  more  minor  proteins,  all  of  which 
form  discrete  bands  and  show  typical  affinities  for  Coomassie  blue  (Fig.  2). 
For  the  chromatographic  run  presented  in  Figure  1,  these  lower  molecular 
weight  proteins  began  eluting  at  fractions  45-47  and  could  be  observed  by  SDS- 
PAGE  through  fractions  69  71.  The  glycoprotein  preparation  included  all 
material  eluting  in  fractions  30-44  and  gravimetrically  accounted  for  53%  of 
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FIGURE  1.  A  representative  fractionation  on  Scphacryl  S-4(X)  MR  of  guamdinc- 
cxlraclcd  components  of  '^-labeled  A.  aurantia  orb  webs.  In  this  particular  run.  the 
glycoprotein  preparation  included  material  eluting  in  fractions  30-44  (A)  Weight  of 
material  remaining  in  fractions  (pooled  in  groups  of  three)  after  dialysis  and 
lyophili/ation.  (B)  Absorbance  at  280  nm  (open  circles)  and  radioactivity  (solid  circles) 
of  fractions  prior  to  dialysis.  Flow  rate  was  set  at  10  tnL/h  and  2.5  mL  fractions  were 
collected  Blue  dextran  2(XX)  (Pharmacia  LKB)  was  used  to  determine  void  volume  ( V„) 

For  additional  details  sec  text. 

the  guanidine-extracted  material  remaining  after  dialysis  and  lyophilization 
(Fig.  1A).  Moreover,  the  presence  of  substantial  quantities  of  protein  in 
fractions  45-62,  indistinguishable  by  SDS-PAGh  from  that  in  the  glycoprotein 
preparation,  indicates  that  the  lower  Mr,  ’typical’  proteins  observed  in  fractions 
45-71  account  for  only  a  small  percentage  of  the  protein  in  guanidine  extracts. 

The  relatively  high  absorbance  and  radioactivity  observed  in  fractions  after 
71  (Fig.  IB),  which  contain  no  protein  as  determined  by  SDS-PAGE,  are 
probably  due  in  large  measure  to  the  very  low  molecular  weight  solutes  (<  200 
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FIGURE  2.  14^  SDS-polyacrylamide  gel 
stained  with  Coomassic  blue,  showing  ihe 
lower  Mr.  'typical'  proteins  extracted  Irom  A. 
aurantia  orb  webs  with  the  guanidine  solution. 
These  proteins  were  not  included  in  ihe 
glycoprotein  preparation.  Positions  of 
molecular  weight  standards  (in  kDa)  are 
indicated  on  the  let  I 


Da)  known  to  be  present  in  the  adhesive  spiral's  viscid  cover.  (Of  course,  they 
undoubtedly  begin  eluting  prior  to  fraction  72.)  These  compounds  would  be 
lost  during  dialysis  and,  hence,  their  presence  is  not  reflected  in  the  gravimetric 
weights  (Fig.  1A). 

The  origin  of  the  glycoprotein  preparation  was  investigated  by  applying,  to 
components  of  plated  webs,  the  same  guanidine  solution  used  to  extract  webs. 
By  this  imperfect,  but  still  useful,  method  the  adhesive  spiral  core  fibers 
appeared  to  be  solubilized  essentially  immediately.  However,  1  h  after  adding 
the  solvent  it  was  still  possible  to  observe  faint  globules  strewn  along  the  path 
previously  held  by  the  core  fibers.  These  globules  were  more  irregularly 
spaced  than  the  adhesive  spiral  nodules  mentioned  earlier.  They  were  also,  in 
some  instances,  larger  than  adhesive  spiral  nodules  and  irregularly  shaped. 
Nevertheless,  their  appearance  was  most  reminiscent  of  these  nodules.  Several 
other  web  components,  namely  the  finest  fibers  in  the  stabilimentum,  which  are 
presumably  of  aciniform  gland  origin,  and  both  types  of  junctional  cements, 
seemed  to  be  partially,  even  largely,  solubilized  by  the  guanidine  solution,  but 
were  not  completely  solubilized  after  I  h.  Both  major  ampuilate  and  minor 
ampullate  fibers  appeared  to  be  resistant  to  this  solvent. 

Chemical  Composition  of  Glycoprotein  Preparation 

The  results  obtained  from  amino  acid  analyses  on  the  glycoprotein 
preparation  are  presented  in  Table  I.  Glycine,  proline  and  threonine  together 
account  for  about  57  mole  %  of  the  preparation’s  amino  acid  content.  The 
lower  molar  percentage  of  glycine  observed  in  samples  analyzed  at  UNH  may 
be  due  to  diketopipera/.ine  formation,  resulting  from  the  slow  method  used  to 
dry  hydrolysates  (drying  in  vacuo  over  NaOH  pellets)-’2.  The  effects  of  treating 
samples  of  the  glycoprotein  preparation  with  0,2  N  NaOH  for  various  lengths  of 
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TABLE  I.  Amino  acid  composition  (in  mole 
%)  of  samples  of  glycoprotein  preparation 
analyzed  at  UNH  or  AAA  Laboratory. 


UNH 

mean  (SEM) 
n  =  7 

AAA 

mean  (SEM) 
n  =  3a 

Asp 

3.82  (0.191) 

3  93  (0.087) 

Thr 

10.79  (0.335) 

9.32  (0.505) 

Scr 

3.86  (0.074) 

3.10(0.049) 

Glu 

6.74  (0.038) 

5.69(0.114) 

Pro 

17.30  (0.255) 

17.78(0  179) 

Gly 

25.63  (0.572) 

32  75(1.539) 

A  In 

5.28  (0.286) 

5.99  (0.293) 

Cvs  12 

N  D.b 

0.22  (0.022) 

vi 

4.96(0.121) 

5.55(0.145) 

Met 

0.67  (0.062) 

0.70  (0  058) 

lie 

6.67  (0.310) 

3.17(0.252) 

Leu 

3.95  (0.237) 

2.17(0.260) 

Tvr 

2.59  (0.060) 

2.61  (0.030) 

Phe 

2.28  (0.051) 

2.11  (0.100) 

His 

1.13  (0  098) 

0.46  (0.030) 

Lys 

3.81  (0357) 

4.04  (0.215) 

Arg 

0.52  (0.040) 

0.41  (0.094) 

a  Includes  (he  control  dala  set  presented  in  Table  II. 
h  N  D  =  not  determined 

time  prior  to  acid  hydrolysis  and  amino  acid  analysis  can  be  seen  in  Table  II. 
Reductions  in  the  molar  percentages  of  threonine  and  serine  indicate  that  about 
80%  and  45%  of  all  threonine  and  serine  residues,  respectively,  have  O  linked 
substituents. 

Carbohydrate  analyses  of  the  glycoprotein  preparation  using  GLC  indicate 
that  /V-acetylgalactosamine  (GalNAc)  is  the  predominant,  if  not  sole, 
monosaccharide  constituent  (Fig.  3).  No  evidence  for  the  presence  of  sialic 
acids  was  obtained  either  by  GLC  of  monosaccharides  released  from  the 
glycoprotein  preparation  or  when  whole  orb  webs  were  assayed  by  the 
resorcinol  method.  The  results  of  double  diffusion  tests  with  several  lectins 
were  in  agreement  with  the  GLC  findings  (Table  III).  Only  lectins  with  an 
affinity  for  GalNAc  formed  precipitates  with  the  glycoprotein  preparation. 
Estimates  of  the  percentage  by  weight  of  GalNAc  in  the  glycoprotein 
preparation  were  obtained  from  hexosamine  analyses  on  an  amino  acid  analyzer 
and,  in  one  instance,  by  GLC.  The  former  method  gave  a  mean  value  of  8.6% 
(SEM  1.21%;  n  =  3)  while  7.3%  was  obtained  by  the  latter  method.  These  data, 
however,  assume  that  the  glycoprotein  preparation  is  fully  dehydrated  by  the 
desiccant  (P2O5)  in  vacuo  at  room  temperature.  Data  from  amino  acid  analyses 
indicate  that  it  is  not  and,  thus,  that  the  percentage  by  weight  of  GalNAc  is 
actually  higher.  Taking  together  data  obtained  from  amino  acid,  hexosamine 
and  GLC  analyses,  we  estimate  that  the  molar  ratio  of  GalNAc/thrconine  is 
about  0.7. 
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TABLE  II.  Amino  acid  composition  (In  mole  %) 
of  glycoprotein  preparation  following  treatment 
with  0.2  N  NaOH. 


Length  of  alkaline  treatment  (h) 


0 

5 

10 

24 

Asp 

3.98 

4.26 

4.42 

4.42 

Thr 

10.23 

4.12 

3.29 

2.27 

Ser 

3.14 

2.25 

2.10 

1.88 

Glu 

5.53 

5.93 

6  18 

6,13 

Pro 

18.17 

19  91 

20.88 

20.50 

Gly 

30.08 

33.41 

33.24 

34.69 

Ala 

5.44 

6.07 

602 

6.23 

Val 

5.85 

5.74 

5.83 

5.72 

Met 

0.81 

0  86 

0.92 

0.94 

lie 

3.64 

3.70 

3  64 

3  67 

Leu 

2.67 

2.78 

2.75 

2.93 

Tyr 

2.67 

2,75 

2.88 

2.88 

Phc 

2.31 

2.44 

2.52 

2.52 

His 

0.51 

0.54 

0.56 

0.53 

Lysa 

4.38 

4.38 

4.38 

4.38 

Arg 

0.59 

0.86 

0.39 

0.31 

a  A  ninhydnn-positive  compound  which  co-chromatographcd  with 
Lys  was  formed  as  a  result  of  treating  samples  w  ith  NaOH  prior  to 
acid  hydrolysis.  Thus.  Lys  could  not  be  quantitated  in  alkali- 
treated  samples.  As  a  reasonable  estimate,  the  molar  %  of  Lys  in 
the  control  sample  has  been  assigned  to  the  alkali-healed  samples. 

Webs  built  by  spiders  fed  32P  yielded  radioactive  glycoprotein  preparations. 
As  a  first  step  in  examining  the  nature  of  the  phosphate  linkages,  samples  of  the 
glycoprotein  preparation  were  acid  hydrolyzed  for  short  periods  of  time  and 
the  hydrolysates  were  high-voltage  electrophoresed.  The  distribution  of  isotope 
in  the  hydrolytic  products,  as  quantitated  by  densitometry,  is  shown  in  Table 
IV.  Using  the  pH  1.9  electrolyte,  standard  P-Ser  and  P-Thr  were  well  resolved, 
but  P-Thr  and  P-Tyr  were  not.  All  three  phosphoamino  acids  were  resolved 
using  the  pH  3.5  electrolyte,  though  spreading  of  individual  compounds  was 
such  that  the  leading  edge  of  P-Thr  merged  with  the  trailing  edge  of  P-Ser. 
Consequently,  having  detected,  at  pH  3.5,  no  radioactive  P-Tyr  in  hydrolysates, 
the  relative  quantities  of  radioactive  P-Ser  and  P-Thr  were  estimated  from 
autoradiograms  prepared  from  pH  1.9  electrophoretograms.  We  should  note 
that  in  an  earlier  3-P-feeding  experiment,  performed  in  essentially  the  same 
manner  as  described  above,  the  distribution  of  isotope  in  the 
phosphorylhydroxyamino  acids  was  markedly  different  from  the  distribution 
presented  in  Table  IV.  After  a  4  h  hydrolysis,  88.0%  of  the  radioactivity  in  the 
phosphoamino  acids  was  in  P-Ser,  12.0%  in  P-Thr. 

With  regard  to  the  overall  distribution  of  3-P  in  the  pooled  collection  of 
labeled  orb  webs,  it  is  worth  noting  that  93.6%  of  radioactivity  was  extracted 
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FIGURE  3.  A  representative  GLC  analysis  of  trimcthylsilyl  derivatives  of  methyl 
glycosides  produced  from  the  glycoprotein  preparation.  A,  /.ro-crythntol  (internal 
standard);  B.  N-acctylgalactosaminc. 


by  gently  immersing  the  web  in  distilled  water  and  probably  represents 
inorganic  orthophosphate  from  the  adhesive  spiral's  aqueous  coating;  6.0%  of 
radioactivity  was  extracted  by  the  guanidine  solution  and  largely  represents  the 
glycoprotein  preparation;  and  0.4%  of  radioactivity  remained  with  the 
guanidine-insoluble  fraction  of  the  web. 


Electron  microscopic  examination  of  the  glycoprotein  preparation  revealed 
polydisperse  linear  macromolecules  exhibiting  considerable  flexibility  (Fig.  4). 
Contour  measurements  of  selected  well  spread  preparations  yielded  values 
ranging  from  900  nm  to  2800  nm.  If  it  is  assumed  that  a  single  amino  acid  is 
0.2  nm  and  has  a  molecular  weight  of  100  Da.  then  it  is  possible  to  calculate  a 
nominal  molecular  weight  range  for  the  polypeptide  component  of  this 
preparation  as  450  to  1400  kDa  assuming  that  the  linear  strands  represent  fully 
extended  proteins. 
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TABLE  III.  Glycoprotein  preparation  -  lectin  interactions. 


Lectin  ongin 

Specificity3 

Precipitation 

Tetragonohbus  purpureas 
( Lotus  tetragonolobus)  (asparagus  pea) 

ct-Fuc 

No 

lens  rulinaris  (lentil) 

tt-Man  >  a-Glc,  a-GIcNAc 

No 

Canavalia  eusiforrnis  (jack  bean) 

u-Man  >  a-Glc  >  n-GIcNAc 

No 

(ilycine  max  (soybean) 

<r  or  ft-GalNAc 

Yes 

Dolichos  biflorus  (horse  gram) 

a-GalNAc 

No 

Helix pomatia  (edible  snail) 

a-GalNAc  >  ft-GalNAc 

Yes 

Arachis  hspngaea  (peanut) 

Gal  (PI-3)  GalNAc 

No 

Plilola  plumosa  (rod  manne  algae) 

a-Fuc  >  u-Gal,  a-Glc  >  a-GIcNAc 

No 

aP.  plumosa  specificity  from  Rogers  ct  al48.  H.  poinatia  specificity  from  Hammarstrdm  anti 
Rabat49  and  Filler  ct  al*1  Ail  others  taken  from  review  of  Goldstein  and  PorclZ51. 


DISCUSSION 

Origin  of  the  Glycoprotein  Preparation 

Observations  made  on  plated  webs  indicate  that  guanidine  extracts  of  whole 
A.  aurantia  orb  webs  contain  products  of  the  flagelliform,  aggregate,  aciniform 
and  pyriform  glands.  While  the  glycoprotein  preparation  is  free  of  the  lower 
Mr,  'typical'  proteins  observed  by  SDS-PAGE  (Fig.  2),  it  is  still  very  likely  that 
this  preparation  contains  proteins  from  more  than  one  type  of  gland.  It  is 
presently  our  view  that  the  glycoprotein  portion  of  this  preparation  (if,  indeed, 
the  glycoprotein  preparation  contains  anything  other  than  glycoproteins)  is  at 
least  partially  derived  from  the  nodules  on  the  adhesive  spiral.  These  nodules, 
products  of  the  aggregate  glands,  fluoresce  intensely  when  incubated  with 
FITC-labeled  Glycine  max  (soybean)  lectin12,  indicating  the  presence  of 
terminal  GalNAc  residues.  GalNAc  was  the  only  monosaccharide  that  was 
detected  in  the  glycoprotein  preparation  by  GLC  (Fig.  3)  and  in  double 
diffusion  tests  with  lectins  (Table  III).  Moreover,  in  several  respects  the 
glycoprotein  preparation  is  reminiscent  of  a  mucin  (see  below),  and,  from 
superficial  considerations  (e.g.  the  apparent  high  hydration  of  nodules11  and  the 
ability  of  nodules  to  be  deformed  into  highly  extended,  filamentous 
strands1 1-12).  nodules  seem  to  be  the  most  mucin-like  structures  in  the  web. 

The  inability  of  the  guanidine  solution  to  fully  solubilize  the  adhesive  spiral 
in  plated  webs  within  1  h,  specifically  material  which  we  presume  was  of 
nodular  origin,  may  be  at  variance  with  the  above  supposition.  However,  it 
should  be  kept  in  mind  that  the  solubilization  occurring  with  plated  web 
components  after  1  h  without  agitation  probably  does  not  exactly  reflect  the 


20 


TABLE  IV.  Densitometric  analysis  of  32p.|a(>eled  components  of  glycoprotein 
preparation  following  acid  hydrolysis  and  high  voltage  paper  electrophoresis. 


Distnbution  of  32pm  hydrolysates  Distnbulion  of  32p  ,n  phosphoamino 

acids  released  by  hydrolysish 
(Mean  5?  of  total  |Mcan  5?  of  U>ta)  radioactivity 

radioactivity  in  hydrolysates  (SEM))a  in  phosphoamino  acids  ( S F- M ) | c 

Time  of 

hydrolysis  (h)  P-AA  P-Pcpd  Pi  nc  P-Scr  P-Thr  nc 


1  16.3(0.72)  60.4(1.93)  23.3  (2.48)  5 

4  19.1(1.54)  40.8(1.89)  40  1(3.31)  6 


61.4(1.50)  38.6(1.50) 

51.8(0.45)  48.2(0  45) 


Abbreviations:  P-AA,  phosphors Ihydrovyamino acids;  P-Pcp.  phosphopcptidcs;  Pi,  inorganic 
orthophosphate;  P-Scr,  phosphosenne;  P-Thr,  phospholhreomne 
a  Determined  from  runs  made  at  pH  1.9  and  3.5 
h  No  phosphotyrosinc  was  detected  by  the  methods  employed. 
c  Determined  from  runs  made  at  pH  1.9. 

d  Includes  radioactive  matenai  remaining  near  on  gin  as  well  as  at  least  three  radioactive 
components  which  migrate  toward  the  positive  pole  and  at  least  one  radioactive  component 
which  migrates  toward  the  negative  pole. 

L  n  =  The  number  of  aliquots  of  a  given  hydrolysate  that  were  analyzed  by  separate 
electrophoretic  runs. 


solubilization  that  occurs  with  rod-wound  web  after  24  h  with  agitation.  Also. 
the  plated  webs  used  during  this  study  had  been  collected  severa1  months 
previously  and  stored  at  room  temperature.  It  may  be  that  some  web 
components,  including  adhesive  spiral  nodules,  become  more  resistant  to 
solvents  with  time  under  such  conditions. 

Comparison  Between  the  Glycoprotein  Preparation  and  Mucins 

The  glycoprotein  preparation  shares  several  characteristics  with  mammalian 
secretory  mucins  (see  e.g.  Refs.  33-37  for  mucin  reviews).  By  size-exclusion 
chromatography,  SDS-PAGE  and  electron  microscopy  the  glycoprotein 
preparation,  like  mucins,  appears  to  be  of  high  molecular  w-eight  and 
polydisperse.  As  with  some  mucins’*  40,  it  stains  very  poorly  with  Coomassie 
blue  and  absorbs  poorly  at  280nm.  By  electron  microscopy,  apparently 
flexible,  unbranched,  linear  macromolecules  are  observed  (Fig.  4),  reminiscent 
of  mucins-14  37.  Three  amino  acids  that  often  occur  in  high  molar  percentage  in 
mucins  --  glycine,  proline  and  threonine  --  account  for  about  57  mole  %  of  the 
glycoprotein  preparation's  amino  acid  composition  (Table  I). 

In  addition,  it  is  a  characteristic  of  mucins  that  most  of  their  carbohydrate  is 
0-linked  to  serine  or  threonine  and  the  sugar  directly  bonded  to  these  amino 
acids  is  GalNAc1-1  -17.  Indirect  evidence  reported  herein  indicates  that  this 
characteristic  applies  to  the  glycoprotein  preparation  as  well.  Decreases  in  the 
molar  percentages  of  both  threonine  and  serine  were  apparent  in  the  amino  acid 
compositions  of  samples  of  the  glycoprotein  preparation  that  had  been  exposed 
to  alkali  prior  to  amino  acid  analysis  (Table  II).  However,  since  phosphoryl 


FIGl'RE  4.  Electron  micrographs  ol  rotary -shadowed  proteins  from  the  glycoprotein 
preparation.  Considerable  flexibility  is  indicated.  Examples  from  the  high  and  low  ends 
of  a  range  of  lengths  are  shown  in  the  uppermost  and  lowci  right  micrographs, 
respectively.  All  three  micrographs  arc  at  the  same  magnification.  Bar  -  0.2  pm 

groups,  as  well  as  glycosyl  groups,  can  undergo  elimination  by  this 
procedure2*1-41,  and  since  P-Ser  and  P-Thr  are  present  in  the  glycoprotein 
preparation,  this  result  alone  does  not  demonstrate  the  participation  of  serine 
and  threonine  residues  in  O-glycosidic  linkages.  But  considering  that  there 
appears  to  be  at  least  as  much  P-Ser  in  the  glycoprotein  preparation  as  P-Thr 
(Table  IV).  if  not  substantially  more,  and  that  the  molar  percentage  of  O- 
substituted  threonine  is  considerably  greater  than  the  molar  percentage  of  O- 
substituted  serine  (Table  II),  it  is  reasonable  to  suggest  that  the  carbohydrate  in 
the  glycoprotein  preparation  is  at  least  primarily  (9-linked.  Moreover,  these 
data  indicate  that  at  least  much  of  the  O-linked  carbohydrate  is  bonded  to 
threonine.  Finally,  as  only  GalNAc  has  been  detected  in  the  glycoprotein 
preparation  (Fig.  3.  Table  III),  it  is  the  only  candidate  for  linkage  sugar. 

The  glycoprotein  preparation  also  shows  some  important  dissimilarities  with 
mucins.  For  example,  in  mucins,  threonine  and  serine  together  typically 
account  for  about  25-55  mole  %  of  total  amino  acids”  ”  4I'-42, while  in  the 
glycoprotein  preparation  the  corresponding  value  is  about  13  mole  %  (Table  I). 
with  serine  being  especially  low.  This  has  a  direct  bearing  on  what  is,  perhaps, 
the  most  important  difference  between  the  two  materials,  namely,  the  large 
discrepancy  in  their  total  carbohydrate  percentages.  On  a  weight  basis,  from 
about  50  to  85%  of  a  mucin  is  carbohydrate””17-42,  whereas  all  data  to  date 
indicate  that  the  glycoprotein  preparation  is  <18%  carbohydrate. 

The  presence  of  sialic  acids,  terminally  positioned  on  some  oligosaccharide 
chains,  is  also  typical  of  mucins”-”  17.  Flowever,  attempts  to  detect  sialic  acids 
in  orb  web  constituents  have  yielded  negative  results,  in  both  this  study  and 
previously4144.  Indeed,  endogenous  sialic  acids  appear  to  be  largely,  though  not 
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entirely45,  absent  in  arthropods4'*.  On  the  other  hand,  phosphorylated 
serine/threonine  residues,  present  in  the  glycoprotein  preparation,  have  not,  to 
our  knowledge,  been  reported  in  a  mucin  (though  high  molecular  weight 
glycoproteins  containing  aminoethylphosphonic  acid  are  present  in  mucus 
secreted  by  a  sea  anemone47).  It  should  be  recognized  that  if  the  glycoprotein 
preparation  does  contain  products  from  more  than  one  type  of  gland,  then  the 
individual  components  might  appear  more  or  less  mucin-like  in  isolation. 

Wc  thank  Stephanie  Lara  for  preparing  samples  for  electron  microscopy  amt  Susan  F.  Chase 
for  excellent  technical  assistance  Wc  are  also  very  grateful  to  lanvell  H.  Ericsson  and  Nancy  R 
Ericsson  (AAA  Laboratory)  for  their  carefully  and  expertly  performed  analyses  This  work  was 
supported  by  NIH  area  grant  RI5  GM44353-01A  I,  and  HATCH  (grant  352)  and  BRSG  funds 
from  the  University  of  New  Hampshire. 
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ABSTRACT 

Dragline  silk  has  been  shown  to  consist  of  two  proteins,  Spidroins  1  and  2,  which  form 
this  unique  fiber.  The  cDNAs  for  these  two  proteins  have  been  sequenced  and  a  structure 
proposed  which  accounts  for  both  the  tensile  strength  and  elasticity  of  dragline  silk. 

INTRODUCTION 

Spiders  are  unique  creatures  due  to  the  presence  of  glands  in  their  abdomen  producing  silk. 
They  are  also  unique  in  the  use  of  silk  throughout  their  life  span  and  the  nearly  total 
dependence  on  silk  for  their  evolutionary  success.  Although  spiders  have  been  studied  since 
earliest  man,  the  first  papers  using  a  scientific  approach  to  spider  webs  and  silk  appeared  in 
the  1800s.  One  of  the  earliest  was  by  John  Blackwell  describing  the  construction  of  webs  by 
spiders  ( 1  ].  The  following  decades  resulted  in  studies  of  the  biology  of  the  spiders  and  their 
anatomy,  but  little  information  was  published  about  the  silk  itself.  In  1907  Benton  published 
one  of  the  earliest  studies  describing  properties  of  the  silk  |2).  In  that  same  year  Fischer 
demonstrated  the  protein  nature  of  the  silk  by  showing  the  predominant  presence  of  amino 
acids  (3|.  There  were  periods  of  fairly  intense  study  prior  to  World  War  II  and  in  the  late 
1950s.  However  progress,  especially  when  compared  to  silkworm  silk,  was  relatively 
meager.  Beginning  in  the  1970s  the  laboratories  of  Work,  Gosline  and  Tillinghast  revived 
interest  in  spider  silk  with  several  papers  describing  physical,  mechanical  and  chemical 
properties  of  spider  silks.  Despite  the  efforts  of  these  groups  and  others,  the  structure  of  the 
spider  silk  protcin(s)  remained  unknown  . 

Spider  webs  are  constructed  from  several  different  silks.  Each  of  these  silks  is  produced  in 
a  different  gland.  The  glands  occur  as  bilaterally  symmetric  paired  sets.  Although  each  of  the 
glands  has  its  own  distinctive  shape  and  size,  their  functional  organization  is  similar.  The 
majority  of  the  gland  serves  as  a  reservoir  for  soitiUe  siik  protein  which  is  synthesized  in 
specialized  cells  at  the  distal  end  of  the  gland.  The  soluble  silk  is  pulled  down  a  narrow  duct 
during  which  the  physical  and  chemical  changes  occur  which  produce  the  solid  silk  fiber. 
There  is  a  valve  at  the  exit  to  the  spinneret  which  can  control  the  flow  rate  of  the  fiber  and  may 
control  the  fiber  diameter  to  a  small  degree.  The  silk  exits  through  the  spinnerets,  of  which 
there  are  three  pairs,  anterior,  median  and  posterior. 

Due  to  their  size  and  ease  of  study,  the  major  ampullate  glands  have  received  the  most 
attention.  Thus,  most  of  w  hat  is  known  about  the  synthesis  of  silk  proteins  is  based  on  the 
study  of  that  gland  However,  morphological  and  hislochemicaJ  studies  of  the  other  glands 
support  the  ideas  developed  for  the  major  ampullate  gland.  The  synthesis  of  the  silk  protein(s) 
takes  place  in  specialized  columnar  epithelial  cells  J4|  which  appear  to  lack  a  Golgi  apparatus. 
There  appears  to  be  at  least  two  different  types  of  cells  producing  protein  (5)  which  correlates 
with  our  data  on  the  composition  of  the  silk  from  these  glands.  The  newly  synthesized  protein 
appears  within  the  cell  as  droplets  widen  are  secreted  into  the  lumen  of  the  gland  via  an 
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unknown  mechanism. 

The  state  of  the  protein  in  the  lumen  of  the  gland  is  unknown  but  it  must  be  in  a  state  which 
prevents  fiber  formation  as  the  fiber  is  not  formed  until  passage  down  the  duct.  This  is 
probably  accomplished  by  a  combination  of  protein  structure  and  concentration  which 
prevents  aggregation  in  large  protein  arrays.  It  has  been  shown  that  the  silk  in  the  gland  is  not 
birefiringent  whereas  the  silk  becomes  birefringent  as  it  passes  down  the  duct  (6j.  Thus  the 
ordering  of  protein  seen  in  the  final  fiber  is  accomplished  in  the  duct.  This  ordering  appears  to 
be  due  to  the  mechanical  and  frictional  forces  aligning  the  protein  molecules  and  probably 
altering  the  secondary  structure  to  the  final  fiber  form.  Experimental  evidence  for  this  has 
been  the  ability  to  draw  silk  fibers  directly  from  the  lumen  of  the  major,  minor  and  cylindrical 
glands  (unpublished  data)  implying  that  the  physical  forces  of  drawing  the  solution  are 
sufficient  for  fiber  formation. 

One  of  the  features  which  attracted  attention  to  spider  silk  was  its  unique  properties.  The 
spider  must  be  able  to  use  the  minimum  amount  of  silk  in  its  web  to  catch  prey  in  order  to 
survive  successfully.  The  web  has  to  stop  a  rapidly  flying  insect  nearly  instantly  in  a  manner 
that  allows  it  to  become  entangled  and  trapped.  To  do  this  the  web  must  absorb  the  energy  of 
the  insect  without  breaking  and  yet  not  act  as  a  trampoline  to  send  the  insect  back  off  the  web. 
Gosline  et  al.  [7]  have  reviewed  several  aspects  of  this  and  concluded  that  spider  silk  and  the 
web  are  nearly  optimally  designed  for  each  other. 

As  with  any  polymer,  especially  those  made  of  protein,  there  are  numerous  factors  which 
can  affect  the  tensile  strength  and  elasticity.  These  can  include  temperature,  hydration  state 
and  rate  of  extension.  Even  with  all  those  caveats,  it  is  clear  that  dragline  silk  is  a  unique 
biomaterial.  As  seen  in  Table  l  dragline  silk  will  absorb  more  energy  prior  to  breaking  than 
nearly  any  commonly  used  material.  Thus,  although  it  is  not  as  strong  as  several  of  the 
current  synthetic  fibers,  it  can  outperform  them  in  many  applications. 

The  composition  of  spider  silks  has  been  known  to  be  predominandy  protein  since  the  early 
studies  of  Fischer  (3).  In  fact,  except  for  the  sticky  spiral  thread,  no  significant  amounts  of 
any  substance  other  than  protein  have  been  detected,  including  sugars,  minerals  and  lipids. 

The  various  silks  have  significantly  different  amino  acid  compositions  as  do  the  same  silks 
from  different  spiders.  In  the  major  ampullate  silks,  the  combination  of  Glu,  Pro,  Gly  and 
Ala  comprise  80%  of  the  silk  from  each  species  However,  the  proportion  of  Pro  is 
significantly  different  in  each.  As  will  be  discussed  below  these  differences  can  be  accounted 
for  by  different  ratios  of  two  proteins.  The  minor  ampullate  silks  are  more  similar  among 
species  and  differ  from  major  ampullate  silk  in  having  significantly  lower  Pro  values. 
Cylindrical  (tubuliform)  gland  silk  used  for  constructing  egg  cocoons  is  radically  different 
from  any  of  the  other  silks.  The  amount  of  Gly  is  reduced  by  nearly  three  quarters  and  Ser,  in 
particular,  has  increased  to  compensate  as  have  other  amino  acids  to  a  much  lesser  extent.  The 
coronate  gland  (swathing)  silk  is  also  very  different  in  having  a  very  high  proportion  of  Pro  in 
relation  to  the  other  amino  acids. 

There  are  two  major  reasons  that  virtually  all  of  the  biophysical  data  on  spider  silk  has 
been  obtained  from  major  ampullate  silk.  First,  it  can  be  obtained  easily  since  the  spiders  trail 
it  along  behind  as  they  move.  Second  is  the  combination  of  mechanical  properties  of  elasticity 
and  high  tensile  strength,  which  will  be  discussed  in  detail  below. 

There  were  several  early  studies  of  silk  fibers  using  X-ray  diffraction  which  provided  some 
information,  much  of  which  was  interpreted  based  on  the  structure  of  silkworm  silk  (reviewed 
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TABLE  I 


Material 

Strength 
(N  nr3) 

Elasticity 

(%) 

Energy  to  Break 
(J  kg‘1) 

Dragline  silk 

1-2  x  109 

35 

1  x  10s 

KEVLAR 

4  x  I09 
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FIGURE  l 

The  Spidroin  1  amino  acid  sequence  is  shown  organized  lo  demonsirale  the  repeats;  -  is  a 
dcledon  and  .  an  identical  residue  at  that  position.  This  sequence  is  from  a  2.4  kb  cDNA 
clone  with  the  non-repetitive  regions  and  the  3’  untranslated  region  not  shown. 
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in  8|.  These  studies  led  to  the  classification  of  dragline  silk  as  group  beta  3, 4  or  5  depending 
on  the  species.  These  groups  are  distinguished  by  the  intersheet  distance  between  the  beta 
sheets.  The  higher  the  number,  the  larger  that  spacing.  It  was  also  clear  that  much  of  the 
structure  was  not  beta  sheet  and  appeared  to  be  random.  However,  it  is  clear  from  the  amino 
acid  compositions  of  the  different  silks  that  large  bulky  groups  are  present  and  must  be 
accommodated  either  in  the  sheet  or  in  the  random  regions.  The  amino  acid  sequences  of  the 
proteins  from  dragline  silk  put  limits  on  what  the  structures  can  be  and  the  X-ray  data  must  be 
interpreted  on  that  basis. 

Using  Fourier  transform  infrared  spectroscopy  (FTIR)  Dong  et  al.  [9|  have  probed  the 
structure  of  the  dragline  silk  fiber  in  the  relaxed  and  extended  states  The  data  confirm  the 
presence  of  significant  beta  sheet-like  structure  which  appears  the  same  in  both  relaxed  and 
extended  forms  Dragline  silk,  which  was  dissolved  in  4.7M  UCIO4,  dialysed  against  water 
and  dried  to  a  film,  also  showed  predominantly  beta  sheet-like  conformation  indicating  this  is 
a  preferred  secondary  structure  of  the  proteins  in  the  solid  state  (unpublished  data).  However, 
in  the  extended  state,  the  silk  forms  a  helical  structure  which  returns  to  the  original  form  when 
the  tension  is  released.  The  parallel  polarized  spectrum  shows  the  orientation  is  parallel  to  the 
fiber  axis.  These  same  spectral  features  were  observed  for  both  Ncphila  clavipes  and 
Araneus  xemmoiJes.  The  helical  regions  appear  to  be  coming  from  the  random  or  non- 
oriented  regions.  However,  minor  ampullate  silk,  which  exhibits  very  low  elasticity,  showed 
no  such  helix  formation.  These  data  suggest  that  helix  formation  is  playing  an  important  role 
in  the  elastic  function  of  these  proteins. 

Another  interesting  characteristic  of  dragline  silk  is  its  ability  to  supercontract.  When 
unrestrained  dragline  silk  is  placed  in  water  it  contracts  to  50-60%  of  its  original  length.  This 
contraction  results  in  a  1000-fold  decrea"  '  the  elastic  modulus  and  a  greatly  increased 
extensibility  [  10|.  Although  several  polymers  exhibit  this  characteristic  in  organic  solvents 
dragline  silk  will  supercontract  in  water  but  not  in  organic  solvents  [1 1-14|.  The  data  from  X- 
ray  diffraction  suggest  the  beta  sheet  regions  rotate  within  the  fiber  but  otherwise  are 
unchanged.  Thus,  the  water  must  be  altering  the  relationship  of  the  sheet  regions  to  the  non- 
oriented  regions.  This  supercontraction  is  reversible  and  repeatable  and  can  be  used  to  achieve 
mechanical  work  by  the  fibers. 

With  the  proposed  structure  of  dragline  silk  being  crystalline  regions  interspersed  with 
non-oriented  regions,  the  question  arises  as  to  the  mechanism  of  elasticity.  In  the 
supercontracted  form,  this  appears  to  be  predominantly  an  entropy  driven  process  [  lOj  with 
about  85%  of  the  retractive  force  due  to  polymer  chain  conformational  entropy.  A  later 
calculation  estimates  the  average  size  of  the  random  chains  to  be  about  15  amino  acids  |7|. 

METHODS 

Pure  silk  fibers 

Much  of  the  past  research  on  spider  silk  relied  on  obtaining  samples  from  webs  or  from  the 
trailing  fibers  of  the  spider.  It  has  become  clear  that  many  of  these  samples  were  composed  of 
more  than  one  silk  type.  Thus,  Work  and  Kmerson  [15)  designed  an  apparatus  to  forcibly  silk 
spiders  to  obtain  a  single  fiber  type.  Although  the  apparatus  performed  well,  it  was  relatively 
complicated  to  construct  and  operate.  We  have  designed  a  simple  version  of  their  instrument 
which  consists  of  a  variable  speed  drill  which  is  connected  to  a  sewing  machine  footpedal 
controller  which  regulates  the  drill  speed.  Forceps  are  used  to  take  a  single  silk  fiber,  which  is 
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wrapped  around  a  spool,  from  a  CO2  anaesthetized  spider  whose  legs  have  been  taped  down. 
The  procedure  is  done  with  the  aid  of  a  microscope  to  insure  that  only  a  ingle  fiber  of  the  type 
desired  is  taken.  While  observing  under  the  microscope,  the  silk  is  forcibly  wound  onto  the 
spool.  This  method  is  applicable  to  both  major  and  minor  ampullate  silk,  in  fau,  both  can  be 
obtained  simultaneously  using  two  spools  separated  by  2  cm  or  more. 

Occasionally  it  is  possible  to  obtain  swathing  silk  in  the  same  manner  but  the  success  rate 
for  this  is  relatively  low  in  our  experience.  Swathing  silk  can  be  obtained  from  spiders  fed 
frequendy  as  they  occasionally  will  wrap  the  prey  for  later  use.  This  silk  can  be  carefully 
removed  from  the  prey  for  examination. 

Cocoon  silk  has  been  obtained  directly  from  fresh  cocoons.  However,  in  observing  the 
cocoon  construction  by  Nephila  clavipes,  it  was  seen  that  several  fibers,  probably  eight,  were 
laid  down  simultaneously.  Thus,  it  is  difficult  to  obtain  single  fibers,  but  it  is  possible.  In 
addition,  it  was  observed  that  after  the  eggs  are  laid,  the  viscous  secretion  that  accompanies 
them  is  frequently  smeared  over  the  fibers  which  leads  to  erroneous  amino  acid  compositions. 
The  amino  acid  composition  of  this  secretion  is  largely  hydrophobic  amino  acids  which  are  not 
present  to  a  large  degree  in  either  the  cylindrical  gland  or  the  carefully  obtained  single  fibers. 

Protein  Sequence 

Initial  efforts  to  obtain  protein  sequence  were  directed  at  the  silk  fibers  themselves.  When 
the  fibers  were  placed  on  the  sequencer  membrane,  they  were  retained  and  sequence 
information  could  be  obtained  The  data  clearly  showed  that  no  single  amino  terminus  was 
present.  In  fact,  the  sequence  data  resembled  the  amino  acid  composition  at  nearly  every  step 
except  for  the  occasional  increase  of  Pro  or  Tyr.  No  useful  information  was  obtained  in  this 
fashion. 

The  next  approach  was  to  solubilize  the  silk  protein(s)  and  purify  them  by  conventional 
means.  As  it  was  already  known  that  these  proteins  were  soluble  only  in  highly  chaotropic 
agents,  we  used  LiSCN  and  L1OIO4.  The  latter  is  particularly  useful  due  to  its  lack  of  U  V 
absorbance  at  wavelengths  used  for  protein  detection.  However,  solubilization  in  these  and 
several  other  reagents  still  did  not  allow  for  purification  due  to  the  lack  of  useful  methods  in 
the  presence  of  such  salts  We  were  unable  to  effectively  utilize  even  size  exclusion  due  to  the 
very  broad  elution  profiles  of  these  proteins.  In  the  end,  we  could  find  no  useful  method  to 
solubilize  and  purify  the  proteins  for  sequence  analysis. 

The  use  of  enzymatic  cleavage  to  generate  fragments  of  the  protein  for  sequencing  was 
hampered  by  the  lack  of  a  suitable  agent  in  which  the  protein  was  soluble  and  the  enzymes 
were  active.  Numerous  combinations  were  tried,  especially  after  solubilization  in  strong 
denaturants  and  attempts  to  dialyse  into  less  harsh  reagents,  which  all  proved  unsuccessful. 
Proteins  denatured  in  the  chaotropic  agents  were  digested  in  the  precipitated  state  with  a  wide 
variety  of  enzymes,  but  this  approach  also  proved  unsuccessful.  It  is  easy  to  see  why  spider 
silks  in  nature  are  very  resistant  to  normal  degradative  processes. 

Attempts  to  use  chemical  cleavage  were  generally  •'•cc-wf.-’  tr  the  '~~,r '  f  :~i 
Trp  in  these  protein.  However,  later  we  were  able  to  use  N-bromosuccinimide  (NBS)  in 
formic  acid  with  some  success  to  cleave  at  Tyr  for  silks  which  were  soluble  in  the 
concentrated  acid. 

Since  the  conventional  approaches  were  unsuccessful,  wc  returned  to  a  technique  employed 
in  the  early  days  of  protein  sequencing;  partial  acid  hydrolysis.  Even  this  generally 


straightforward  procedure  was  not  without  significant  problems.  The  problems  can  be 
attributed  to  the  repetitive  nature  of  the  proteins  and  the  lack  of  significant  diversity  in  the 
amino  acids  present  The  result  is  peptide  bonds  which  have  very  little  difference  in  bond 
strength.  Thus,  once  hydrolysis  starts  all  bonds  are  cleaved  at  nearly  identical  rates. 
Trifluoroacetic  acid  proved  to  be  an  excellent  hydrolysis  reagent  because  the  silk  became 
soluble  prior  to  hydrolysis.  However,  under  conditions  in  which  hydrolysis  occurred  the 
amino  terminus  of  all  isolated  peptides  was  blocked  to  Ildman  degradation  and  no  sequence 
information  could  be  obtained.  This  led  to  a  procedure  [  16]  in  which  the  silk  was  hydrolysed 
in  6N  HOI  for  3-4  min  at  I55°C.  This  resulted  in  nearly  all  of  the  solid  silk  disappearing  bui 
peptides  were  present.  One  minute  longer  resulted  in  compleie  hydrolysis  and  one  minute  less 
no  cleavage  at  all.  Other  temperatures  and  acids  were  used,  but  none  gave  results  that  were 
better  than  these  conditions.  The  peptides  obtained  were  sequenced  and  were  generally  quite 
short.  I  low  ever,  there  was  enough  sequence  to  create  a  DNA  probe  for  cloning  studies. 

Cloning 

Completely  degenerate  oligonucleotide  probes  were  synthesized  based  on  the  peptide 
sequences.  In  addition,  the  same  probes  were  synthesized  in  four  pools  with  one  quarter  the 
total  degeneracy  in  each  pool.  The  cDNA  libraries  were  constructed  using  RNA  from  the 
major  ampullate  glands  of  Ncphila  clavipes.  In  order  to  insure  a  maximum  level  of  silk 
protein  mRN’A,  the  spiders  were  forcibly  silked  to  remove  as  much  silk  as  possible.  After 
four  hours,  at  which  lime  they  should  be  maximally  producing  silk  in  the  gland,  they  were 
sacrificed  and  the  silk  glands  removed.  Standard  cDNA  library  construction  methods  were 
used  as  described  in  Xu  and  Lewis  (16). 

With  the  anticipation  that  the  silk  mRNA  would  comprise  a  significant  proportion  of  the 
total  mRNA  of  the  gland  we  decided  to  use  isolated  colony  screening  instead  of  the  standard 
plate  screening  used  for  less  abundant  messages  Therefore,  960  colonies  were  picked  and 
grown  in  96  well  plates  which  were  then  dotted  on  filter  paper.  Standard  screening  methods 
were  used  and  the  positive  colonies  were  clearly  evident.  In  fact,  overnight  and  2  hour 
autoradiographic  exposures  gave  such  large  spots  that  it  was  not  possible  to  tell  which  colony 
was  positive.  It  was  necessary  to  use  a  15  minute  exposure  to  clearly  decide  which  colony 
was  the  correct  one.  Initial  screening  gave  36  positives  which  were  then  analysed  by 
Southern  blotting.  We  found  21  hybridization  positive  plasmids  with  the  largest  indicating  a  4 
kb  insert.  Each  of  these  was  grown  separately,  the  plasmids  isolated  and  restriction  digested 
to  release  the  insert  prior  to  another  Southern  blot.  At  this  stage  there  were  1 2  positive  inserts 
with  the  largest  being  2.5  kb.  The  largest  two  of  these  were  chosen  for  sequencing  (2, 1  kh 
and  1.8  kb). 

It  was  disturbing  that  the  large  number  of  initial  positive  colonies  was  reduced  to  such  a 
small  number  but,  as  was  later  found,  this  is  a  characteristic  of  all  ihc  silk  cDNAs  we  have 
examined.  They  are  unstable  in  all  plasmids  and  cell  line*  — e  have  tested.  Some  plasmids 
and  cells  have  greater  stability  than  others,  but  all  have  a  significant  deletion  rale  which  can 
lead  to  problems  if  it  is  not  taken  into  account.  It  is  also  dear  that  the  larger  the  insert  the 
higher  the  deletion  rate  although  there  appear  to  be  islands  of  stable  sizes  winch  accounts  for 
our  finding  the  two  larger  colonies.  We  have  transiently  observed  larger  inserts  in  several 
libraries  but  have  been  unable  to  maintain  them  long  enough  to  sequence  them.  In  fact,  this 
deletion  rale  can  be  seen  in  the  colonies  where  initially  white  colonies  containing  plasmid 
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inserts  start  to  lum  blue  from  loss  of  inserts  w  ith  tune.  We  have  even  used  this  as  a  marker 
during  initial  screening  to  identify  likely  silk  cI)NA  containing  colonies. 


DNA  sequencing 

As  might  be  expected  the  problem  with  insert  deletion  led  to  numerous  problems  with 
sequencing  3s  well.  Unfortunately,  this  only  became  clear  in  retrospect  after  completion  of  the 
sequence  of  the  first  protein.  Due  to  the  likely  repetitive  nature  of  the  DNA,  we  felt  random 
fragmentation  and  sequencing  might  not  he  the  most  efficient  approach.  We  therefore  chose  to 
create  nested  deletions  to  obtain  the  total  sequence.  This  choice  has  proven  to  he  the  correct 
one  as  there  w  ere  regions  of  over  200  bases  which  were  identical  between  repeats.  These 
large  regions  of  identity  also  led  to  the  need  to  have  a  large  number  of  overlapping  sequences 
to  insure  the  correct  placement  of  each  fragment. 

The  problem  with  insen  deletions  manifested  itself  in  the  presence  of  only  a  few  stable 
sires  of  insens  no  matter  w  hat  time  point  of  exonuclease  digestion  was  used.  As  we  found  on 
the  second  protein,  the  solution  was  to  examine  a  very  large  number  (24-4K)  of  colonies  from 
each  time  point  and  choose  a  w  ide  variety  of  insen  sires  to  insure  adequate  coverage  of  the 
region.  We  also  observed  compression  regions  which  led  to  problems  with  accurate 
sequencing.  Only  with  careful  analysis  of  both  strands  could  these  he  resolved  1 1 7 1. 

RESULTS  AND  DISCI  SSION 

Sptdroin  1 

The  sequence  of  Protein  1  is  presented  in  f  ig  1 .  arranged  to  show  the  repealing  units  more 
clearly.  The  first  obvious  feature  is  the  very  low  number  of  substitutions  in  the  repeats. 
Another  interesting  feature  is  the  large  number  of  deletions  from  the  consensus  sequence. 
These  deletions  are  almost  all  in  multiples  of  three  for  currently  unknown  reasons  Wc  have 
broken  the  sequence  into  three  segments.  The  first  nine  amino  acids  are  conserved  in 
sequence,  but  the  number  of  deletions  is  very  tug1,  in  this  segment.  The  second  segment  is  the 
GAG(A)n  segment.  This  region  is  highly  conserved  w  ith  few  substitutions  and  some 
variation  in  the  number  of  Ala  residues  present.  The  third  segment  is  the  Iasi  1 5  amino  acids 
which  is  very  highly  conserved  in  sequence  with  virtually  no  substitutions  and  very  few 
deletions.  The  only  position  showing  any  variation  is  the  antepenultimate  residue  w  hich  can 
be  Gly.  Ser  or  Asn  hut  no  others.  The  sequence  can  he  thought  of  as  a  (GGXln(A)n  repeal  or 
alternatively  a  (GXG)n(  A)n  with  X  being  Gin,  Tyr  or  Leu.  A  search  of  the  protein  sequence 
database  found  no  matching  sequences  to  any  six  amino  acids  in  the  sequence  except  the 
(Ala)n  region.  Thus  it  appears  these  are,  to  date,  unique  combinations  of  amino  acids 

Spidroin  2 

From  Fig.  I  it  can  be  seen  that  no  Pro  is  present  in  this  sequence,  yet  the  silk  is  3 .5*?  Pro 
and  wc  isolated  a  major  Pro  containing  peptide  from  the  silk.  We  synthesized  a  new  probe 
based  on  the  Pro  containing  peptide  and  used  it  to  rescreen  our  initial  library.  Over  20 
positives  were  detected  and  following  the  same  prrxtcdurc  as  for  Protein  1  we  sequenced  the 
largest  which  was  about  2  I  kb  The  sequence  has  been  arranged  to  highlight  the  repetitive 
segments  in  Fig.  2.  The  repeat  sequence  of  Protein  2  can  he  broken  into  three  segments  as 
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well.  In  [his  case  the  first  segment,  the  first  twenty  amino  acids  is  very  highly  conserved  with 
only  a  couple  of  substitutions  and  one  insertion.  The  second  segment,  the  polyalanine  region, 
is  longer  than  in  Protein  1  and  has  substitutions  of  Ser  only.  There  is  some  difference  in  the 
number  of  Ala  residues  but  less  than  was  seen  for  Protein  1  The  final  fifteen  ammo  acids  are 
characterized  by  very  few  substitutions,  but  a  large  number  of  deletions.  Interestingly  the 
deletions  are  virtually  all  in  multiples  of  five  instead  of  three.  This  reflects  the  repeat  w  hich 
could  be  written  as  (GPGQQ)(C.PGC'.Y)GP  (SGPGS m  A)n(GPGG YXGPGQQKGPGG Y ). 
The  reason  for  the  pemamer  deletions  may  be  more  clear  as  discussed  below  in  the  predicted 
structure  of  this  protein.  The  sequence  database  again  shows  no  identical  protein  sequences 
for  these  peptide  segments,  although  some  similar  groups  of  amino  acids  were  detected  as 
discussed  in  more  detail  below. 

Codon  usage 

There  is  an  incredible  codon  usage  bias  in  both  of  these  proteins.  The  skew  is  away  from 
using  C  orG  in  the  wobble  base.  This  is  particularly  seen  in  Gin  and  Gly  where  there  is  over 
‘Xl'fr  use  of  A  and  T  in  the  third  position.  This  is  probably  not  overly  surprising  since  the 
majority  of  codons  already  have  C  and  G  in  the  first  two  bases.  In  order  to  prevent  long 
stretches  of  Cs  and  Gs  resulting  in  stem-loop  formations  which  would  be  unstable,  the 
wobble  base  is  restricted  to  A  or  T.  This  is  in  contrast  to  the  silkworm  silk  DNA  which 
shows  no  strong  codon  bias  like  this  |  IX], 

Proposed  Structure 

It  is  always  with  trepidation  that  one  tries  to  predict  the  structure  of  any  protein  without  X- 
ray  or  2-0  NMR  data  but  w  ith  proteins  which  show  no  sequence  homology  to  other  proteins  it 
is  even  more  difficult.  To  further  complicate  the  situation  with  dragline  silk  there  arc  two 
proteins,  not  one,  and  they  exist  in  an  en  ironment  of  low  water,  a  situation  which  has  not 
been  explored  by  protein  structural  research  to  any  large  degree.  Finally,  the  data  to  date  on 
the  proteins  is  somewhat  contradictory  as  to  the  secondary  structure  of  the  basic  protein  repeat 
elements.  Despite  these  factors  we  will  propose  a  structure  based  on  available  data  and  on 
analogies  to  proteins  showing  some  similarity  to  the  silk  sequences.  There  are  testable 
elements  to  this  structure  which  we  hope  to  examine  to  determine  if  it  is  correct. 

Protein  1  seems  to  have  little  tendency  to  form  a  single  thermodynamically  stable  structure 
(unpublished  data).  Rather  it  can  assume  a  variety  of  secondary  structures  based  other 
extrinsic  factors  Thus  wc  turned  to  Protein  2  to  establish  a  preliminary  structure.  In  view  of 
the  large  number  and  spacing  of  Pro  Residues  there  is  no  chance  the  protein  can  assume  either 
a  nelical  or  a  typical  sheet  structure.  Since  the  repeat  distance  of  the  Pro  is  5  residues  it  cannot 
form  a  cross  beta  structure  either  since  that  would  require  an  even  number  of  residues. 

When  other  high  Pro  proteins  are  examined  there  are  two  that  have  some  similarity  in 
sequence  and  spacing  of  Pro  residues  to  silk  protein  2.  The  first  is  gluten,  an  insoluble 
protein  from  wheat,  which  is  thought  to  be  responsible  for  the  elasticity  of  dough  i  19)  The 
other  is  synaptophysin,  an  integral  membrane  protein  of  synaptic  vesicles  which  can  bind 
calcium  [20|.  Gluten  has  some  repeat  sequences  which  are  Pro-Gly-Gln-Gly-Gln-Gln  and 
synaptophysin  is  Tyr-Gly-Pro  Gln-Gly.  Both  of  these  proteins  are  thought  to  form  beta-turn 
helices  or  a  beta  spiral.  In  addition,  when  the  prediction  of  beta  turn  is  examined  in  more 
detail  |2I],  the  prediction  table  gives  the  sequence  Gly-Pro-Gly-Gln  one  of  the  highest 
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possible  scores  for  a  beta  turn  with  Gly-Pro-Gly-Gly  just  slightly  below  that  score.  These  are 
both  for  type  II  turns. 

The  poly-Ala  region  can  clearly  form  an  alpha-helix  as  we  showed  with  the  CD  studies  and 
others  have  noted  as  well  1 22],  However,  these  studies  are  all  done  in  presence  of  water  of 
hydration.  The  structure  of  these  types  of  peptides  in  the  absence  of  substantial  water  has 
been  shown  to  be  beta-sheets  which  is  consistent  both  with  fiber  X-ray  diffraction  studies  and 
with  bound  water  determination  for  the  silk  fibers  (unpublished  data)  ( 23 ). 

Thus  the  poly  Ala  regions  for  Spidroins  I  and  2  form  the  beta-sheet  regions  seen  by  the 
various  biophysical  techniques.  The  Gly  rich  regions  are  likely  to  form  beta  turns  (possibly 
type  2 “).  Under  tension  the  turns  can  open  up  sufficiently  to  allow  for  the  observed  elasticity. 
The  driving  force  for  the  return  to  the  turn  structure  probably  involves  an  unfavorable  bond 
angle  for  Pro  as  well  as  other  forces.  Current  efforts  are  directed  toward  confirming  these 
structures  and  mechanism. 

Acknowledgement:  This  work  was  sponsored  by  the  Army  Office  of  Research. 
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1  Abstract 

The  shell  (pericarp)  of  nuts  protects  the  seed  from  being  eaten  before  it  can  germinate. 
It  is  presumably  designed  to  resist  fracture  by  external  forces,  and  evolution  will  have 
optimised  its  design  for  this  purpose.  It  appears  that  the  material  of  larger  shells,  which 
will  tend  to  be  structurally  more  brittle,  is  tougher.  However,  the  fracture  mechanics 
theory  for  shells  in  compression  is  not  available,  nor  the  information  on  the  biological 
selection  pressures. 


2  Introduction 

Fracture  mechanics  theory  tells  us  that  the  fracture  strength  of  an  object  is  dependent 
not  only  on  material  and  structure  but  also  on  size.  In  general,  smaller  objects  appear 
tougher  since  there  is  relatively  less  volume  (a  term  in  length  cubed)  for  the  storage 
of  strain  energy  to  feed  to  the  advancing  fracture  (whose  area  is  a  function  in  length 
squared).  So  in  small  objects  the  strain  energy  density  has  to  be  higher  in  order  to  get  a 
crack  to  propagate.  Also,  since  the  length  of  a  critical  Griffith  crack  remains  the  same, 
being  a  property  of  the  material,  a  smaller  object  will  be  less  likely  to  contain  a  critical 
crack  of  this  length  and  therefore  be  safer  at  the  same  loads.  This  will  also  allow  the 
smaller  object  to  sustain  the  higher  loads.  Ultimately  an  object  can  be  small  enough 
not  to  fail  in  a  brittle  manner  and  will  undergo  plastic  deformation.  This  general  rule  of 
materials  science  can  be  tested  on  natural  structures;  one  of  the  most  suitable  is  seeds. 

A  plant  may  produce  a  few  large  seeds,  usually  protected  by  a  hard  shell  or  pericarp, 
or  a  large  number  of  small  seeds  which  do  not  have  such  protection  and  may  even  have 
large  amounts  of  edible  material  associated  with  them  (loosely  known  as  a  fruit  although 
it  can  have  a  variety  of  developmental  origins)  which  will  encourage  the  attentions  of 
an  animal.  The  large  seeds  are  commonly  known  as  nuts  which  may  be  produced  either 
singly  (hazel  nut,  walnut,  acorn,  macadamia  nut,  coconut,  etc.)  or  several  contained 
within  a  pod  (Brazil  nut,  ngali  nut,  etc.).  In  this  preliminary  study  I  have  concentrated 
on  single  nuts  since  these  are  more  or  less  spherical  allowing  relatively  easy  analysis 
of  both  structure  and  material,  and  have  used  hazel  nuts,  walnuts  and  macadamia 
nuts.  Since,  by  and  large,  the  ecology  of  these  structures  is  based  on  their  mechanical 
properties,  I  have  also  considered  the  ways  in  which  structural  and  mechanical  properties 
interact  to  affect  the  ecology  of  the  nut. 


'This  title  is  taken  from  a  remark  made  by  Brig  Geo  Anthony  McAuliffe,  then  commanding  the 
1 0 1st  Airborne  Division,  on  Dec  22nd  1944  when  invited  to  surrender  to  the  German  forces  at  Bastogne 
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3  Materials  and  Methods 

Whole  nuts  were  tested  in  slow  compression  in  a  universal  testing  machine  ( Instron  4202 ) 
until  they  fractured  in  nearly  every  instance  the  fractured  nut  shell  still  supported  a 
load;  with  walnut  and  macadamia  nut  (less  commonly  with  hazel  nut)  the  shell  was 
incompletely  fractured.  The  deduction  can  therefore  be  made  that,  since  fracture  is 
driven  by  elastic  strain  energy  stored  in  the  shell,  when  the  stress  level  within  the  shell 
falls  below  the  fracture  stress  there  will  be  some  strain  energy  remaining.  Thus  if  the 
shell  is  then  unloaded  at  the  same  rate  as  it  was  loaded  (about  1  mm/min),  the  remaining 
strain  energy  is  discounted  and  only  the  strain  energy  used  to  propagate  the  fracture 
(apparent  fracture  energy)  is  measured  (figure  1).  In  some  instances  the  shell  was  loaded 
further  after  the  main  fracture,  and  unloaded  again  before  any  further  fracture  occurred. 
In  all  such  cases  the  shell  showed  complete  elasticity  (i.e.  no  hysteresis).  The  length  of 
fracture  and  the  mean  thickness  of  the  shell  were  then  measured  allowing  the  apparent 
fracture  energy  to  be  normalised  to  the  area  cleaved.  The  mean  diameter  of  the  nut  was 
then  estimated  from  the  diameter  measured  in  the  x,  y  and  z  directions,  if  the  strain 
energy  available  for  fracture  is  proportional  to  the  volume  of  the  shell  and  the  energy 
required  for  fracture  is  proportional  to  the  surface  area  of  that  fracture,  then  simple 
geometry  shows  that  the  apparent  fracture  energy  (f?Jpp)  is  related  to  the  amount  of 
available  strain  energy  ((/)  by: 

R*pp  =  krU 

where  k  is  a  constant  and  r  is  the  radius  of  the  nut.  This  relationship  ignores  values 
of  the  thickness  of  the  shell  raised  to  powers  of  2  or  more;  the  radius  of  the  hazel  nut  is 
about  10  times  the  thickness  of  the  shell;  the  figure  is  nearer  30  in  walnuts. 

The  mathematics  of  loading  a  shell  in  compression  with  the  load  concentrated  in  a 
small  area  have  been  documented  [  1  ] : 

,  -2APr\/T^l? 

d  ~  - — - 

Et 

where  d,  is  the  deflection  of  the  shell,  P  is  the  force  exerted,  v  is  the  Poisson  ratio 
(assumed  to  be  about  0  3),  E  is  the  stiffness  of  the  shell  material  and  t  is  the  thickness 
of  the  shell.  A  is  a  constant,  calculated  as  about  0.4. 

Fracture  surfaces  of  small  pieces  of  hazel  nut  and  walnut  shell  were  photographed  in 
a  scanning  electron  microscope  following  standard  preparation  procedures. 

4  Results  and  Discussion 

Electron  and  light  microscopy  show  that  in  all  three  nuts  the  inner  and  outer  layers  of  the 
shell  are  different  (figures  2  and  3).  The  tendency  is  for  the  outer  layer  to  be  composed 
of  cells  (sclerids)  which  are  apparently  full  of  material,  presumably  lignin.  The  fracture 
surface  looks  like  a  loosely  bonded  concrete- like  material  which  fractures  relatively  easily 
between  the  particles  ( —  cells;  figures  4  and  5).  This  material  is  obviously  not  good  at 
resisting  tension,  but  may  well  resist  compression.  It  will  also  have  to  resist  the  cutting 
action  of  insect  mandibles  as  when  a  weevil  bores  in  to  the  nut.  This  will  not  involve 
strain  energy  storage  but  will  rely  upon  the  nut  being  locally  hard.  In  the  macadamia 
nut  (which  is  dried  at  high  temperature  during  cooking)  the  outer  surface  of  the  shell 
is  covered  with  a  large  number  of  shallow  cracks,  presumably  due  to  the  contraction  of 
the  shell  on  drying.  The  inner  layer  of  the  hazel  is  very  thin  (figure  2),  but  is  similar 
to  that  of  the  walnut  in  that  it  is  comprised  of  cells  which  are  well  stuck  together  and 
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Fig.  1  Loading/unloading  curve  for  whole  nuts.  The  nut  cracks  longitudinally  from 
pole  to  pole  at  the  maximum  load  (A)  and  the  load  drops  suddenly  to  B.  The  sample 
is  unloaded  at  the  same  rate  as  it  was  loaded  to  C,  thus  accounting  for  elastic  strain 
energy  which  was  not  used  for  fracture. 


TABLE  I 

SOME  MECHANICAL  PROPERTIES  OF  WHOLE  NUT  SHELLS 


Hazel  nut 

Walnut 

Macadamia  nut  Coconut 

Stiffness 

(GPa) 

1.46  (0.374) 

2.85  (1.058) 

4.185(2.518)  3-5 

Work-to- fracture 
(kJ/m3) 

1.61  (0.54) 

2.97  (1.20) 

5.65  (2.04)  1.8 

Strength 

(MPa) 

Strength  /  Stiffness 

147  (49.6) 

0.1 

221  (55.4) 

0.07 

338  (219) 

0.08 

0.07 


0.08 


I*  ip;.  «i  Fracture  surface  of  walnut  shell  showing  inner  and  outer  layers 


empty.  In  the  walnut  the  fracture  path  goes  through  these  cells,  revealing  the  cell  walls 
as  multilayered  and  very  fibrous  (figure  6).  This  material  could  well  be  tougher  in 
tension,  and  occurs  to  a  greater  extent  in  the  tougher  shell  of  the  walnut  (fig.. ■*  3).  In 
the  shell  of  the  macadamia  nut  this  layer  is  composed  of  long  sinuous  fibres  which  pull 
out  on  fracture. 

Apparent  fracture  energy  is  inversely  proportional  to  mean  diameter  with  both  haze! 
nut  and  walnut  (figure  7a,  b);  there  are  too  few  results  from  macadamia  nuts  to  say 
whether  this  is  true  of  these  nuts  as  well.  Stiffness,  fracture  energy  and  strength  (Pit3) 
were  calculated  from  the  measurements  on  whole  shells  and  shown  in  Table  1:  data  from 
prev  ....  v>  1,  o. .  the  co  ouut  <ue  appended  [2J 

The  values  in  brackets  are  standard  deviations  of  the  population:  these  are  appar¬ 
ently  high  since  the  number  of  samples  was  about  20  for  hazel  and  walnut,  though  only 
6  for  macadamia  nut.  However,  this  scatter  is  due  to  the  influence  of  size  on  the  results, 
at  least  for  the  fracture  energy  and  for  strength  (figure  8).  No  variation  of  stiffness 
with  size  could  be  detected.  This  is  in  accord  with  the  theory  of  fracture  mechanics 
(see  above)  and  confirms  that,  for  a  given  morphology  of  the  shell,  the  larger  nut  will 
be  easier  to  break.  Values  for  fracture  energy  of  hazel  were  confirmed  by  compliance 
calibration  of  the  strain  release  rate. 

The  data  for  macadamia  nut  are  at  variance  with  the  results  of  Jennings  and  Macmil¬ 
lan  [3]  who  quoted  fracture  values  only  a  fifth  of  those  reported  here.  Although  it  is  not 
easy  to  measure  fracture  properties  of  nut  shells  due  to  the  speed  at  which  fracture  prop¬ 
agates,  and  Jennings  and  Macmillan  could  not  account  for  stored  elastic  strain  energy 


Fig.  6.  Fracture  surface  of  the  inner  layer  of  walnut  shell.  Typically  the  cells  are 
fractured.  The  cells  walls  are  multilayered  and  fibrous. 
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Fig.  7.  Apparent  fracture  energy  (calculated  from  traces  like  figure  1)  plotted 
against  the  radius  of  the  nut  for  hazel  (a)  and  walnut  (b). 
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strength  increases  as  the  size  of  the  nut  decreases. 
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in  their  samples  (which  would  tend  to  increase  their  values  rather  than  reduce  them),  it 
is  difficult  to  see  why  there  should  be  this  discrepancy.  It  may  be  that  there  are  some 
Poisson  ratio  effects  since  the  tests  reported  here  are  essentially  in  two-dimensional 
strain,  whereas  Jennings  and  Macmillan  used  a  C-ring  test  which  is  a  variant  of  a  beam 
test.  However,  the  fracture  mechanics  theory  for  a  sphere  compressed  over  small  areas 
at  the  poles  does  not  exist,  so  it  is  not  yet  possible  to  see  whether  theory  can  throw 
light  on  this.  The  improved  performance  figures  for  macadamia  bring  the  mechanical 
properties  of  its  shell  much  closer  to  those  of  wood. 

The  experiments  with  samples  of  coconut  shell  were  performed  differently,  since  the 
original  project  brief  (for  2nd  year  students)  was  to  see  whether  coconut  shells  would 
make  effective  craaii  helmets  for  children  playing  on  skate  boards!  Samples  cut  from 
the  coconut  shell  were  tested  in  impact  using  a  weight  swinging  on  a  pendulum  and 
at  low  loading  rates  in  three-point  bending.  Whole  nuts  were  tested  in  compression. 
Although  not  shown  on  the  table,  coconut  is  much  more  anisotropic  in  stiffness  due  to 
the  predominantly  circumferential  (=  equatorial)  orientation  of  the  sclerid  fibres  making 
the  shell. 

These  tests  have  not  differentiated  the  properties  of  the  inner  and  outer  layers  of  the 
shell:  the  outer  layer,  which  in  the  intact  nut  is  more  likely  to  be  resisting  compression, 
would  be  expected  to  be  more  brittle  since  the  fracture  passes  between  the  cells  (figures 
2  and  3)  and  through  the  cells  in  the  inner  layer  (figure  6).  This  is  shown  to  be  so  in  the 
shell  of  Meizettm  leptopoda  [4]  where  the  work  of  fracture  of  the  outer  layer  (measured 
in  a  notched  beam  test)  is  only  about  250  J/mJ  and  of  the  inner  layer  is  of  the  order  of 
2  kJ/m1.  In  this  nut  the  outer  layer  is  like  those  of  walnut,  hazel  nut  and  macadamia 
in  that  the  fracture  goes  between  the  cells.  The  inner  layer  is  more  like  that  of  the 
macadamia  [3],  being  fibrous  rather  than  cellular  in  appearance  [4j. 

5  Conclusions 

The  prediction  of  fracture  mechanics  (that  there  should  be  size  effects  relating  energy 
input  and  fracture  energy)  has  been  confirmed,  although  only  in  a  general  way  since  the 
theory  has  not  been  developed  specifically  for  compressed  spheres.  This  seems  to  be  true 
both  within  ana  oei.veen  species,  since  the  walnut,  although  larger,  stiffer  and  tougher 
than  the  hazel  nut,  is  only  just  as  strong.  The  walnut  shell  has  opted  for  improving  the 
‘quality’  of  the  shell  material  rather  than  using  more  of  it  (i.e.  it  does  not  have  a  thicker, 
less  well-designed,  shell)  in  order  to  achieve  good  mechanical  properties.  The  inference 
must  be  that  design  is  cheaper  than  material  in  energy  terms,  a  deduction  previously 
made  in  the  design  of  hedgehog  spines  [5].  However,  this  does  not  take  into  account 
the  biological  or  evolutionary  reason  for  particular  properties,  since  these  different  nuts 
come  from  different  places  and  are  likely  to  meet  different  environmental  stresses,  both 
mechanical  and  physiological.  It  is  therefore  dangerous  to  make  any  generalisations 
based  on  comparisons  between  so  few  species  of  nut.  As  this  project  develops,  more 
nuts  from  related  3pecies  in  different  habitats,  and  more  nuts  from  different  species 
in  the  same  habitats,  will  be  investigated  and  compared.  Also,  the  nuts  tested  here 
were  all  dry.  This  is  not  their  natural  state,  at  least  when  fresh.  Although  Jennings 
and  Macmillan  showed  water  not  to  have  a  particularly  large  effect  on  macadamia  nut 
shells,  it  is  generally  an  important  factor  and  is  bound  to  affect  different  designs  of  shell 
in  different  ways. 
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In  conclusion,  nut  shells  represent  an  elegant  subject  for  the  study  of  mechanical 
design  in  nature  since  their  shape  and  size  are  fairly  uniform  and  easy  to  describe,  they 
have  interesting  material  properties  and  textures  and  the  results  can  be  related  both  to 
engineering  and  to  biology. 
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ABSTRACT 

Rhinoceros  horn  has  been  used  medicinally  and  as  a  talisman  in  many  cultures  and  animals  are 
slaughtered  to  obtain  the  horn  With  the  dwindling  populations  of  rhinos,  and  the  limited  number 
and  breeding  success  of  captive  rhinos,  there  is  a  critical  need  to  learn  as  much  as  is  possible  about 
their  horns  to  find  an  adequate  substitute.  Examination  of  rhino  horn  was  made  using  optical 
microscopy,  scanning  electron  microscopy  ($EM),  energy  dispersive  x-ray  spectroscopy  (EDS), 
and  x-ray  diffraction  (XRD).  The  structure  of  the  horn  is  unusual  and  consists  of  two  separate 
phases,  one  of  hair-like  filaments,  built  around  a  central  core  in  circumferential  layers  and  the 
other  surrounding  and  filling  in  the  spaces  between  the  filaments  as  a  matrix.  Together,  these  two 
structures  make  up  a  biological  composite,  structurally  similar  to  metal,  ceramic  or  polymer  based 
composites.  The  structural  morphology,  the  dimensions  of  the  structures,  and  the  chemistry  of 
the  horn  are  discussed.  Comparisons  are  made  between  horn,  hoof,  and  hair  of  rhinos  and  hoof 
and  hair  from  horses,  their  nearest  living  relatives. 


INTRODUCTION 

The  horn  of  the  rhinoceros,  an  anatomical  specialization  which  has  evolved  to  its  present 
functional  form  over  sixty  million  years,  has,  in  modern  times,  become  the  focus  for  rapid  de¬ 
struction  of  these  animals  by  poachers  who  seek  it  for  monetary  gain.  The  severity  of  the  problem 
is  emphasized  in  the  recently  released  Rhino  Global  Captive  Action  Plan,  [1]  which  notes  that 
of  twelve  subspecies  of  rhinoceros,  composing  the  five  surviving  species,  seven  are  considered  to 
be  critical,  four  endangered,  and  one  vulnerable,  according  to  the  new  Mace-Lande  [2]  method 
of  classifying  the  probability  of  extinction.  We  concluded  that  the  production  of  a  synthetic 
horn  facsimile,  to  dominate  the  market,  could  reduce,  or  possibly  eliminate  poaching  pressure  on 
these  animals,  and/or  the  mimicry  of  the  chemistry  and  structure  of  the  horn  as  a  model  for  new 
materials  could  generate  a  greater  demand  for  conserving  rhinos.  Both  of  these  concepts  require 
a  detailed  understanding  of  the  composition  and  structure  of  rhino  horn  and  the  developmental 
events  that  produce  it.  This  paper  reports  initial  studies  directed  toward  that  goal. 

Reference  to  the  literature  reveals  some  disagreement  about  the  composition  of  rhinoceros 
horn.  Ryder  [3]  noted  that  various  early  investigators  described  its  basic  structure  as  that  of 
matted  hair,  coarse  fibers,  filaments,  canals  or  tubules.  Using  light  microscopy,  with  histologi¬ 
cal  staining  and  swelling  techniques,  Ryder  attempted  to  resolve  the  issue  with  studies  of  horn 
from  the  white  rhinoceros  ( Ceratotherium  simum).  He  concluded  that  the  horn  was  built  of 
closely- packed  filaments  composed  of  concentric  laminae  around  a  solid  medulla  and  w'ith  inter- 
filamentous  material  in  the  interstices.  The  same  general  structure  was  confirmed  in  the  other 
four  species  of  rhino  by  Earland  et  al.  [4] .  In  1963,  Lynch  et  al.  [5]  reported  scanning  electron 
microscopy  (SEM)  studies  of  white  rhino  horn.  Their  results  were  “broadly  consistent  with  pre¬ 
vious  studies”,  and  emphasized  the  presence  of  flat  scale-like  cells  which  compose  the  layers  of 
laminae  and  identified  another  cellular  unit  “associated  with  the  outer  regime  of  the  filaments  or 
the  interfilamentous  material  or  both’ ,  In  spite  of  these  confirming  studies,  some  recent  publi¬ 
cations  persist  in  describing  rhino  horn  as  consisting  of  “an  aggregation  of  hollow  keratin  fibers, 
similar  to  hair,  but  lacking  the  outer  cuticle”  [6j.  In  this  paper  a  variety  of  techniques,  including 
light  and  electron  microscopy,  are  employed  to  assure  a  clear  understanding  of  the  composition 
of  this  unique  material. 
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Figure  \:  The  top  surface  of  rhinoceros  horn  which  the  rhino  has  polished  to  smoothness  in 
rubbing  it  against  harder  surfaces.  At  this  niagnificationfb.tr  represents  Imtn)  light  and  dark 
striations  can  be  seen  on  the  surface  along  with  rougher  areas  within  the  striation>. 


EXPERIMENTAL  PROCEDURES  AND  RESULTS 

The  primary  sample  used  in  these  studies  was  a  two  inch  piece  of  horn  which  was  broken 
from  the  tip  of  .i.„  Lorn  of  a  cap* ive  male  white  rhino.  It  was  provided  for  this  study  by 
the  Virginia  Zoological  Park,  for  which  we  are  appreciative.  In  the  following  discussion,  this 
specimen  was  examined  by  several  different  techniques.  Each  technique  is  discussed  separately 
with  experimental  results  included. 


Light  Microscopy 

Light  microscop;  was  used  to  examine  the  surface  and  cross-section  of  the  rhino  horn.  Visually 
the  surface  was  smooth  and  rounded  in  perspective.  There  was  a  definite  sheen  to  the  top  surface 
of  the  horn,  which  is  where  the  animal  rubs  it  against  tree  trunks,  metal  fence  posts,  and  the 
ground.  Because  the  horn  has  limited  wear  resistance  when  rubbed  against  harrier  surfaces, 
continuous  wear  will  polish  the  surface  and  this  is  the  natural  state  of  the  horn. 

When  examined  under  magnification,  the  surface  shows  parallel  striations  of  light  and  darker 
areas  and  rougher  areas  within  the  striations.  These  features  are  noticeable  in  Figure  1  which 
shows  the  smooth  surface  of  a  section  of  the  horn. 

Figure  2  shows  the  point  at  which  this  section  of  horn  was  broken  from  the  main  horn.  Clearly 
defined  are  hair-like  filaments  which  project  from  the  broken  interface.  The  ends  of  these  filaments 
come  to  a  definite  point  and  theiT  diameters  lessen  significantly  just  prior  to  the  formation  of  the 
point.  Between  the  filaments  is  a  separate  region  designated  as  the  matrix  phase.  It  has  a  fibrous 
texture,  as  well.  Thinner  fibers  ran  be  seen  in  the  matrix  material,  as  is  demonstrated  in 
Figure  2. 

A  piece  of  the  rhino  horn  was  rut  perpendicularly  to  the  direction  of  the  hair  like  structures.  It 
was  vacuum  encapsulated  into  epoxy  resin  and  polished  using  me* allographs  polishing  methods. 
These  methods  involve  grinding  with  sand  paper  starting  at  320  grit,  followed  by  <100,  600.  and 
1200  grit  sand  papers.  It  was  then  polished  with  3  micron  diamond  slurry  and  final  polished  with 
0.3  micron  alumina  until  a  scratch-free  surface  was  produced  for  photomicroscopy.  This  type 
of  preparation  follows  standard  met  allographs  techniques  for  metal,  polymer  and  composite 


Figure  2:  The  broken  end  of  the  j>i*'r o  <»f  rhinoceros  horn  with  hair  li k«*  filament'  j» rf ».!**«  *  :ne  from 
th**  interface.  Bar  represent*  Imn;.  Not**  that  f fil.itm  n? ^  r«u;  «•  to  a  point  with  »!■<•  :;t»:i«-r*  r 

lessening  prior  to  the  point  The  fibrous  texture  of  •::**  matrix  ph«t'»*  ;•  apparent  here  a-  w«  ;i 

materials,  but  appears  to  be  the  fir-?  time  that  rhino  horn  ha**  bw'R  prepared  and  examined  in 
thi-  way.  Figure  3  ’•hows  ? ho  result  of  this  proof*--.  I  ho  structure  of  the  rhino  horn  ran  clearly 
be  seen  in  this  rro--  -»>«•* ional  view. 

In  cross -action,  t h^*  filament-  are  -eon  to  he  built  around  a  central  ion*  in  circumferential 
layers  and  the  matrix  phase  surround-  the  hairiike  -tru<  »*ire-.  filling  in  the  -pace-  be»ween  ’hem 
In  ?he  light  micrograph.  Figure  3.  variation-  in  depth  can  be  -een  from  the  highest  point  at  the 
edge  of  the  filaments,  to  the  matrix  phase,  the  {nwr-t.  The-  suggest-  differences  in  hardness  of  ?};•* 
pha-es  and  region-  within  the  phases  The  matrix  appears  to  be  the  -ofte-t,  since  it  polishes  most 
easily;  while  the  filaments  are  harder  and  polish  more  slowly.  Some  of  the  hair-like  filament-  have 
elongated  center  cores,  and  some  appear  to  have  developed  from  two  separate  cores.  Fxamples 
of  both  of  these  features  can  be  «een  in  Figure  3. 

Higher  magnification  of  one  of  the  hair  like  structures  is  shown  in  F  igure  }.  Smaller  features 
which  were  !«»$$  visible  at  lower  magnification  can  be  seen  in  this  figure.  The  circumferential 
layering  of  the  filaments,  at  this  magnification,  looks  like  growth  rings.  Some  crack-  can  be  seen 
within  the  hair  like  filaments  which  seem  to  correspond  ingrowth  rings.  The  cracks  do  not  extend 
into  the  matrix.  There  are  also  small  dark  spot-  at  the  interface-  of  the  feature  which  look  like 
growth  rings.  Within  the  matrix  pha-e.  the  filament al  nature  of  the  matrix  i<  evident  At  even 
higher  magnification,  examination  of  the  crack-  within  the  hair  like  pha-e  -hows  that  there  are 
small  filaments  which  bridge  the  crackc  Some  of  the  cracks  appear  to  initiate  at  the  darker 
regions  noted  in  Figure  \. 

Sea n ni ng  Kle rtron  Micro-cf ipv  (SF.M)  of  Rhino  Horn 

The  rhinoceros  horn  wa-  examined  both  in  cro—  <ec»|on  and  the  bulk  material,  as  f arrived 
t'pon  examination  in  the  SFM.  of  the  bulk  material,  mo-*  notable  were  the  mid-  of  the  hair-like 
•structures  wh'.'h  extended  out  beyond  the  edges  of  the  fracture  1-ee  F  igure  2).  Previous  author- 
*.V  who  have  examined  rhinoceros  horn  using  SF.M  have  noted  the  two  phases,  describing  them  a- 
’‘filament-”  and  "fiat  scale  like  reH-".  These  designate  the  hair- like  phase  and  the  matrix  phase, 
specifically. 

The  smooth  top  -urface  was  found  to  have  a  directional  orientation  parallel  to  that  of  the 


Figure  3:  A  cross-sectional  view  of  the  rhino  horn  prepared  by  standard  met  allograph  if  ted: 
niques.  Bar  represents  0,2mm.  In  this  view  both  the  hair  like  filaments  and  the  matrix  phase  are 
apparent.  The  filaments  are  composed  of  circumferential  layers  built  around  a  central  core.  The 
matrix  phase  fills  in  the  spaces  between  the  filaments.  Differences  in  hardness  between  phases  is 
emphasized  by  the  polishing  technique  and  can  be  seen  as  variations  in  height. 


Figure  4:  At  this  magnification  (bar  represents  0.1mm)  the  filaments  appear  to  have  a  structure 
like  growth  rings,  f  racks  can  be  seen  at  the  interfaces  of  the  circumferential  lavers.  The  cracks 
are  confined  to  the  filaments  and  do  not  extend  into  the  matrix.  Small  dark  spots  can  be  seen  at 
the  interfaces  of  the  circumferential  layers. 
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Figure  5:  The  top  surface  of  the  rhinoceros  horr  as  is  seen  in  the  SEN!,  at  20KeY.  a  tilt  angle  of 
35  degrees  with  a  working  distance  of  15mm.  Magnification  is  marked  on  the  photo.  Individual 
filaments  cannot  be  noted,  although  there  is  a  directional  orientation  to  tne  surface  which  is 
parallel  to  the  filament  direction. 

filaments,  but  no  individual  filament  could  be  observed  on  the  top  surface.  Figure  5  is  a  view  of 
the  surface  of  one  portion  of  the  horn. 

Cross-section  of  the  horn.  Figure  6.  showed  structure  similar  to  that  demonstrated  by  light 
microscopy  in  Figure  3.  Regions  which  showed  black  in  the  light  micrograph  are  distinct  and 
white  in  the  SEM  image  and  are  interpreted  as  cracks  or  gaps  in  the  horn.  These  cracks  follow  the 
circumference  of  the  central  core  and  appear  to  be  related  to  the  structure  of  the  “growth  rings'* 
within  the  filaments.  The  in'erface  between  the  filaments  and  the  matrix  is  evident  as  an  almost 
continuous  white  line  following  the  contours  of  the  edges  of  the  filaments.  In  the  matrix  pha'-e. 
the  white  regions  are  less  pronounced  and  smaller  than  in  the  filaments.  Some  directionality  can 
be  noted  in  the  white  regions  in  the  matrix,  as  they  follow  the  outer  contours  of  the  filaments. 
The  differences  in  contrast  (white  to  dark)  are  due  to  charging  within  the  SEM.  Charging  occurs 
when  a  less  conductive  area,  like  a  gap.  is  next  to  a  conductive  area.  The  edges  of  holes  often 
show  charging  effects  in  SEM  photographs. 

In  general,  the  SEM  photographs  provided  useful  comparisons  with  those  taken  using  light 
microscopy.  The  SEM  also  allowed  some  of  the  features  in  the  interior  of  the  cross- section  to 
be  imaged  directly  and  emphasized  some  of  the  structural  aspects  of  the  cross-section  to  be 
demonstrated.  Tim  SEM  provided  the  imaging  capabilities  while  the  energy  dispersive  x-ray 
spectroscopy  (EDS)  system  allowed  composition  to  be  examined. 


Energy  Dispersive  X-ray  Spectroscopy 

EDS  was  performed  on  the  samples  which  were  prepared  for  the  SEM.  Doth  the  surface  of  the 
horn  and  polished  cross- sections  were  examined.  For  analysis  of  the  ex’erior  surfaces,  a  layer  of 
gold  palladium  metal  was  sputtered  onto  the  surface  to  enhance  the  conductivity  of  the  surface 
and  eliminate  “charging"  of  the  sample,  which  is  caused  when  a  surface  charge  builds  up  (due  to 
the  electron  bombardment)  and  then  discharges  suddenly.  7  his  adversely  affects  the  elemental 
analysis,  since  the  specimen  may  actually  move  when  the  discharge  occurs.  Since  neither  gold  nor 
palladium  were  present,  in  the  horn  itsolf.  the  coating  did  not  artert  the  compositional  analysis. 

The  results  of  the  FIDS  analysis  of  the  surface  of  the  horn  showed  that  the  horn  was  composed 
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Figure  6:  Scanning  electron  micrograph  of  the  polished  cross-section  of  rhino  horn  taken  at  20KeV 
at  a  tilt  angle  of  35  degrees  with  a  working  distance  of  15mm.  Magnification  is  marked  on  the 
photo.  The  filaments  are  apparent  with  their  outer  edges  defined  by  an  almost  continuous  white 
line  at  a  distance  from  the  central  core  extending  around  the  circumference  of  the  filaments. 
The  matrix  can  he  seen  between  the  filaments.  Small  cracks  or  separations  are  also  apparent  as 
smaller  white  regions  within  the  filaments. 

of  carbon,  oxygen,  nitrogen  and  sulfur.  Significant  amounts  of  silicon  (Si),  calcium  (Ca).  and 
phosphorous  (P)  were  also  found,  most  of  which  can  be  attributed  to  the  soil  in  the  enclosure 
where  the  rhino  is  kept.  This  was  demonstrated  by  examining  the  chemical  content  of  the  soil 
and  by  comparing  the  surface  composition  with  the  composition  in  the  interior  of  the  horn.  The 
Si,  Ca  and  P  were  found  in  higher  amounts  on  the  surface  of  the  horn  than  in  the  interior.  Also 
present  in  surprisingly  high  concentration  on  the  surface  was  iron  (Fe),  although  some  Fe  was 
also  found  in  the  cross-section.  The  question  of  the  existence  of  the  Fe  was  resolved  when  the 
rhino  keeper  informed  us  that  the  animal  from  which  the  horn  sample  was  obtained  regularly 
rubs  his  horn  against  the  iron  fence  posts  in  his  enclosure. 

tn  cross-section,  both  phases  of  the  horn  were  examined.  Figure  7  is  the  EDS  spectrum  of 
the  hair-like  filament  and  Figure  fi  is  the  spectrum  for  the  matrix.  The  filaments  were  found  to 
he  significantly  higher  in  S  than  the  matrix  phase,  although  both  contain  S.  further  study  is 
required  to  draw  any  specific  conclusions  that  might  relate  the  composition  to  the  structure. 


X-ray  Diffraction  Analysis 

Samples  of  the  horn  were  powdered  and  examined  using  x-ray  diffraction  (XRD).  An  x-ray 
tube  which  provided  copper  x-rays  was  used  for  this  analysis  The  sample  of  powdered  horn  was 
mounted  in  a  low  background  holder  made  of  bakelite.  A  broad  scan  was  done  from  0  to  ISO 
degrees  in  20.  The  broad  scan  provided  information  on  the  peaks  of  interest  for  this  sample. 
Following  this  initial  run,  a  region  from  20  degrees  to  90  degrees  was  rescanned  slowly  (over  about 
H  hours)  to  concentrate  th°  x-ray  counts  from  the  small  sample  size. 

The  x-ray  data  were  examined  using  a  computerized  peak  search  program  with  a  database 
which  included  organic  products.  Peaks  from  the  analysis  most  closely  matched  those  for  keratin, 
but  were  not  an  exart  match.  The  inexactness  of  the  match  might  be  due  to  several  factors.  For 
instance,  some  contamination  of  the  horn  material  with  soil  may  have  occurred,  hut.  it  is  more 
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Figure  8:  Energy  dispersive  x-ray  spectrum  for  the  matrix  phase  of  the  rhino  horn.  Taken  at 
the  6ame  spot  size  as  that  used  for  the  filament  analysis,  this  spectrum  shows  that  less  sulfur  is 
present  in  the  matrix  than  in  the  filaments. 
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Figure  9:  Light  micrograph  of  rhinoceros  hoof.  Bar  represents  1mm.  The  structure  appears 
different  from  that  of  the  rhino  horn.  Note  the  apparent  lack  of  filaments  within  the  hoof  structure, 
which  is  closer  to  hooves  of  horses  than  to  the  rhino  horn. 

likely  that  the  keratin  from  the  horn  is  different  from  that  included  in  the  peak  search  program 
Several  investigators  [7,  8]  have  reported  differences  in  keratin  based  biological  materials  from 
different  species.  Keratin  from  rhino  horns  may  also  be  of  a  different  type  [9]. 

Comparisons  can  be  made  between  the  elemental  composition  found  by  F.DS  and  the  com¬ 
position  determined  by  XRD.  In  the  XRD  analysis,  the  structure  was  found  to  be  composed  of 
keratin.  In  the  EDS  analysis,  sulfur  was  found  to  be  present  in  both  the  filament  phase  and  the 
matrix.  Keratin  contains  disulfide  bonding,  which  would  clearly  account  for  the  sulfur  content. 
The  elements  found  by  EDS  are  those  from  which  keratin  is  formed.  The  two  techniques  yield 
complementary  results  on  the  composition  of  the  horn. 


Comparisons  with  Other  Materials 

Work  from  early  in  the  twentieth  century  on  rhino  horn  supported  the  concept  that  it  is 
composed  of  matted  hair  [10,  11)  .  Restatements  of  this  premise  ha\e  continued  and  are  the  base 
for  the  information  which  permeates  the  literature.  More  recent  work  [3.  5)  has  not  thoroughly 
disputed  this  claim.  It  is  likely  that  the  misconception  is  due  to  visual  examinations  such  as  that 
in  Figure  2.  in  which  the  hair-like  filaments  are  most  striking.  In  examining  the  cross-sections, 
such  as  that  of  Figure  3.  the  structure  becomes  more  clear.  The  presence  of  the  two  phases  are 
instantly  apparent.  Comparisons  were  made  of  the  hair-like  filaments  with  tail  and  ear  hairs  from 
the  rhino.  The  structure  of  the  hair  was  found  to  he  more  like  hair  from  other  <perips.  such  as 
horses,  as  shown  in  the  literature  [12},  than  like  that  of  the  horn  itself. 

Hoof  samples  from  the  rhino  were  also  examined.  Figure  9  shows  a  light  micrograph  of  the 
sample  of  hoof.  The  structure  of  the  hoof  is  seen  to  be  different  from  the  horn,  more  like  hooves 
of  other  animals.  Horse  hooves  and  the  keratin  from  which  they  are  made  have  an  extensive 
literature  associated  with  their  study  [7.  Differences  between  rhino  hoof  and  horn,  even 
though  both  are  composed  of  keratins,  are  striking- 


Figure  10:  Light  micrograph  of  a  polymer  matrix  composite  material  composed  of  graphite  fibers 
encapsulated  within  an  epoxy  matrix.  Bar  represents  0.1mm.  Note  the  striking  resemblance  to 
the  structure  of  the  rhino  horn,  composed  of  fibers  within  a  matrix  phase.  The  graphite  fibers  in 
the  polymer  composite  provide  tensile  strengthening  while  the  epoxy  matrix  provides  ductility. 
The  arrow  marks  a  crack  within  the  matrix.  Note  that  it  runs  between  the  graphite  fibers:  no 
fibers  are  broken. 

Comparisons  to  Manmade  Composites 

Figure  10  shows  a  light  micrograph  of  a  polymer  matrix  composite  with  graphite  fibers  within 
the  polymer  matrix.  It  bears  a  striking  resemblance  to  the  structure  of  the  rhino  horn.  T  he 
graphite  fibers  are  nf  much  smaller  in  diameter  than  the  filaments  in  the  rhino  horn,  but 

the  overall  nature  is  quite  similar.  Graphite  reinforced  polymer  matrix  composites  are  usually 
not  monodirectional  such  as  the  rhino  horn,  hut  consist  of  layers  of  oriented  fibers  alternating 
directions  by  60  or  90  degrees.  This  provides  the  composite  material  with  structural  strength  in 
at  least  two  direction 5.  It  also  provides  some  torsional  stability  to  the  composite.  The  rhino  horn 
appears  to  suffer  from  neither  lack  of  torsional  strength  nor  from  debonding  along  the  interface 
between  the  filaments  (except  possibly  in  old  horn  or  near  the  base  of  horns,  where  the  matrix  is 
no  longer  present).  Manmade  composite  structures  will  often  form  cracks  parallel  to  the  interface 
of  the  fiber  with  the  matrix.  This  is  a  very  well  known  problem  for  composite  materials  and 
techniques  such  as  applying  coatings  or  electrostatic  charges  to  the  fibers  are  done  to  try  and 
optimize  the  interfaces  which  are  formed. 

Figure  11  shows  another  view  of  the  cross*  sect  ion  of  the  rhino  horn.  At  the  arrow-,  a  crack 
had  formed.  The  crack  has  filled  in  with  new  material,  suggesting  that  the  horn  may  be  a  living, 
growing  structure  which  can  repair  itself.  This  is  borne  out  by  the  fact  that,  when  a  rhinoceros's 
horn  is  removed  or  broken,  a  substantial  portion  grows  back  j  1 3].  Contrast  this  ability  to  repair 
itself  shown  by  the  rhino  horn,  with  the  manmade  composite  shown  in  Figure  10.  where  a  crack 
is  marked  with  an  arrow.  Obviously,  no  material  has  filled  in  this  crack,  and  no  self-repairing 
mechanism  can  be  demonstrated. 

Manmade  composites  are  known  to  be  very  weak  in  compression  [I  F.  The  natural  composite 
structure  of  the  rhino  horn,  by  comparison  provides  a  significant  amount  of  compressive  strength, 
as  is  demonstrated  by  the  use  of  it  by  rhinos  in  battles  with  other  rhinos.  Seldom  does  the 
horn  break  under  these  conditions.  The  rhino  horn  appears  to  provide  a  good  combination  of 
compressive  arid  torsional  strength,  which  is  not  always  present  in  manmade  composites. 
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Figure  11:  This  light  micrograph  of  rhinoceros  horn,  shown  in  cross-section,  shows  the  site  of  a 
previous  crack  which  has  been  repaired.  Bar  represents  1mm.  The  arrow  denotes  the  crack  which 
has  filled  in  with  new  material,  demonstrating  the  self-repairing  mechanism  of  the  rhino  horn 

Structure  and  Composition 

The  rhino  horn  has  evolved  to  its  present  form  and  evolution  has  optimized  it  for  the  uses 
made  of  it  by  the  animal.  The  structure  of  the  horn,  as  a  composite  material,  provides  some  of 
the  same  advantages  that  manmade  composites  do.  The  fibers  provide  greater  tensile  strength 
than  does  the  matrix,  while  the  matrix  provides  greater  ductility  than  the  fibers.  There  is  a  need 
to  demonstrate  that  this  is  the  same  for  the  rhino  horn.  It  appears  to  be  the  case  from  the  uses 
made  of  the  horn,  (  he  rhino  cows  use  their  horns  to  protect  calves  from  attack.  Male  rhinos 
use  it  in  territorial  disputes  and  to  drive  off  interlopers,  and  all  rhinos  use  their  horns  for  digging 
in  the  ground.  Other  uses  that  the  rhino  may  make  of  the  horn  have  been  speculated  upon, 
Berger  and  others  are  seeking  to  examine  these  suggestions  in  dehorning  studies  which  are  being 
undertaken  in  rhino  populations  in  Africa  [15]. 

There  are  a  number  oflessons  which  may  be  possible  to  learn  from  studying  the  rhino  horn. 
Materials  science  could  benefit  from  information  about  the  interfaces  between  phases  in  the 
horns  which  are  clearly  not  as  weak  as  they  are  in  manmade  composite  materials.  By  studying 
the  mechanical  properties  of  the  rhino  horn,  it  may  become  apparent  how  the  properties  of  each 
phase  have  been  optimized  for  the  uses.  Since  rhino  horn  has  excellent  compressive  strength,  it 
may  be  possible  to  improve  the  compressive  strength  of  composite  materials  based  on  information 
derived  from  the  study  of  these  horns. 

Mimicking  the  composition  and  structure  of  rhino  horn  may  lead  to  the  development  of  a 
synthetic  material  which  would  serve  as  a  substitute  for  rhino  horn.  As  was  mentioned  in  the 
introduction,  previous  attempts  to  substitute  other  types  of  horn  or  bone  for  rhino  horn  have  not 
been  successful  with  the  cultures  that  use  it  pharmaceutically.  However,  no  substitute  has  been 
tried  which  is  chemically  the  same  as  rhino  horn.  Recently,  several  authors  have  suggested  that 
an  attempt  be  made  to  produce  and  distribute  a  synthetic  rhino  horn  [6.  16j.  If  such  a  substitute 
could  be  made,  produced  inexpensively,  and  be  accepted,  it  would  provide  the  possibility  for 
eliminating  some  of  the  demand  for  horn  culturally  and  thereby  eliminating  some  of  the  poaching 
pressures  on  the  animal  populations.  This  could  impact  significantly  on  their  survival  and  possibly 
remove  them  from  the  threshold  of  extinction.  Detailed  information  about  the  chemistry  and 
structure  of  rhinoceros  horn  could  also  be  useful  in  forensic  inspection  where  it  may  be  necessary 
to  confirm  the  material  origin  of  questionable  artifacts. 
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SUMMARY 

Initial  experimental  analysis  was  made  of  rhinoceros  horn.  Light  microscopy  of  the  cross- 
section  of  the  horn  showed  it  to  be  composite  in  structure  with  two  phases  present.  This  work 
appears  to  be  the  first  to  prepare  rhinoceros  horn  in  a  manner  similar  to  metal  or  composite 
samples.  Preparation  of  the  sample  in  this  way  allows  much  detailed  information  to  be  available 
using  both  light  and  electron  microscopy.  One  of  the  two  phases  present  in  the  composite  materia! 
of  the  horn  is  hair-like  in  structure  and  probably  accounts  for  the  misconception  that  rhino  bora 
is  composed  of  matted  hair.  The  hair-tike  filaments  are  surrounded  by  a  continuous  or  matrix 
phase  which  is  space  filling  and  has  some  structure  within  it.  The  filaments  have  a  central  core 
and  circumferential  markings  similar  to  growth  rings.  Cracks  in  the  filaments  follow  the  growth 
rings,  but  do  not  extend  into  the  matrix  phase. 

Surfaces  and  cross-sections  of  the  rhino  horn  were  examined  using  SEM  and  EDS.  The  SEM 
revealed  the  internal  structure  of  both  phases  in  even  greater  detail.  EDS  analysis  showed  that 
there  were  significant  differences  in  the  composition  of  the  two  phases,  specifically  in  sulfur 
content.  Existence  of  a  surprizing,  substantial  iron  peak  in  the  spectra  was  concluded  to  be  due 
to  contamination  from  the  soil  and  the  animal  rubbing  the  horn  on  the  iron  posts  of  its  enclosure. 

X-ray  diffraction  analysis  showed  that  the  overall  composition  of  the  horn  is,  indeed,  keratin, 
but  a  different  type  of  keratin  from  that  used  for  the  standard  in  the  x-ray  diffraction  database. 
A  comparison  of  the  x-ray  diffraction  data  with  the  EDS  data  presents  evidence  that  the  sulfur 
rontent  is  consistent  with  the  disulfide  bonds  found  in  all  structures  formed  from  keratin. 

With  the  chemical  and  molecular  composition  of  the  rhino  horn  identified,  the  possibility  of 
producing  a  synthetic  horn  material  was  discussed.  A  low  cost,  chemically  equivalent  substitute, 
used  instead  of  natural  horn  for  medicinal  purposes,  might  help  alleviate  the  pressure  on  the 
rhino  population  due  to  poaching.  We  are  investigating  this  possibility. 

The  structure  of  the  rhino  horn  offers  some  unique  prospects  for  study  and  may  provide 
insight  into  the  special  combination  of  strength  and  ductility  along  with  the  unique  properties  of 
seif  repair  and  biodegradability  which  are  exhibited  by  rhino  horn.  Further  work  to  examine  the 
specifics  cf  the  mechanical  properties  of  rhino  horn  is  planned. 
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ABSTRACT 

Biomineralization  is  precisely  controlled  by  complex  templating  relationships  ultimately 
encoded  in  the  genes.  In  the  formation  of  the  molluscan  shell,  polyanionic  pleated  sheet  proteins 
serve  as  templates  for  the  nucleation  and  epitaxial  growth  of  calcium  carbonate  crystalline  domains 
to  yield  microlaminate  composites  of  exceptional  strength  and  crystal  ordering.  The  strength  and 
fracture-resistance  of  these  composites  far  exceed  those  of  the  minerals  themselves,  as  a  result  of 
both  the  capacity  for  flexible  deformation  of  the  organic  matrix  layers  and  the  retardation  of  crack 
propagation  at  each  mineral-organic  interface.  The  basic  principles  controlling  low  temperature 
biosynthesis  of  these  materials  thus  are  of  both  fundamental  and  applied  importance.  The  abalone 
shell  consists  of  microlaminates  with  a  remarkable  regularity  of  lamina  thickness  (ca.  0.5  micron), 
the  fotmaiion  of  which  defies  present  understanding.  We  have  found  that  shells  of  abalone  larvae 
formed  prior  to  metamorphosis  contain  only  aragonite,  whereas  the  adult  shell  made  after 
metamorphosis  contains  both  aragonite  and  calcite.  This  transition  is  accompanied  by  a  switch  in 
genetic  expression  of  the  template  proteins,  suggesting  that  the  premetamorphic  protein  may  serve 
as  a  template  for  aragonite  nucleation  and  growth,  while  template  proteins  synthesized  after 
metamorphosis  may  direct  crystallization  of  calcite.  These  analyses  are  based  on  improvements  we 
recently  reported  for  the  detection  and  purification  of  proteins  from  the  demineralized  shell  matrix. 
Genetic  cloning  experiments  now  in  progress  are  aimed  at  discovering  additional  protein  sequences 
responsible  for  the  programmed  control  of  crystal  phase  termination,  since  it  is  the  termination  and 
reinitiation  of  mineralization  that  is  responsible  for  the  regularity  of  highly  ordered  microlaminates 
produced  in  nature. 


INTRODUCTION:  GENETIC  CONTROL  OF  BIOMINERALIZATION 

When  the  genetic  code  was  first  cracked  in  the  1960s,  the  thinking  at  that  time  was  that  there 
was  only  one  genetic  code.  We  now  realize  that  in  fact  all  biological  structures  and  functions  are 
encoded  in  the  genes  in  a  complex  set  of  nested  codes  or  correspondences.  The  relationship 
between  the  linear  sequence  of  nucleotides  in  the  genes  and  the  linear  sequences  of  amino  acids  in 
the  proteins  they  specify  is  only  one  -  albeit  the  most  fundamental  -  of  these  coding  relationships. 
Molecular  biology  is  now  starting  to  attack  the  higher  order  coding  relationships  that  reliably 
specify  genetically  encoded  higher-order  molecular  and  cellular  structures,  shapes  and  functions. 
One  of  the  most  intriguing  of  these,  and  one  with  great  potential  for  the  development  of  practical 
applications  in  the  field  of  materials  science,  governs  the  genetic  control  of  biomineralization,  in 
which  a  complex  templating  mechanism  directs  the  synthesis  of  materials  such  as  bone  and  shell. 

The  molluscan  shell  is  a  microlaminate  composite  of  exceptional  strength  and  regularity 
(Figure  1).  It  consists  of  calcium  carbonate  crystalline  domains,  organized  on  2-dimensional 
anionic  protein  templates.  Typically,  the  organizing  organic  polymers  contribute  less  than  1%  by 
weight  of  the  composite  material  [e.g.,  1 1.  Yet  the  strength  and  fracture  resistance  of  these 
composites  far  exceed  those  of  the  crystals  themselves.  The  unique  mechanical  properties  of  the 
biosynthetic  microlaminates  are  due  to  both  the  capacity  for  flexible  deformation  of  the  organic 
matrix  layers,  and  the  retardation  of  crack  propagation  at  each  mineral-organic  interface.  Because 
of  these  unique  properties,  the  basic  principles  controlling  the  structural  organization  and 
biosynthesis  of  these  composites,  at  the  low  temperatures  characteristic  of  biological  systems,  are 
of  both  fundamental  and  applied  interest.  Thus  far,  most  of  the  definitive  studies  have  been 
conducted  in  vitro ,  using  a  biomimetic  or  "reverse  engineering"'  approach  12-6).  Few  attempts 
have  yet  been  made  to  analyze  directly  the  dynamic  biological  processes  that  control  the  synthesis 
and  ordered  assembly  of  the  organizing  biopolymers  and  subsequent  mineralization,  although 
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significant  progress  recently  has  been  achieved  in  electron  micrographic  analyses  of  the  layers  once 
they  have  been  deposited,  with  the  observed  spatial  ordering  suggesting  the  temporal  order  of 
secretion  |7,X| 


Figure  1 ,  Scanning  electron  micrographs  of  fractured  ahalone  shell.  Transverse 
(left)  and  oblique  (right!  views. 


These  materials  pose  a  particular  challenge  to  molecular  geneticists  because  their  synthesis  and 
structures  are  clearly  under  direct  genetic  control.  This  genetic  control  is  evident  at  the 
macroscopic  level;  the  shells  of  each  species  of  mollusc  are  morphologically  distinct,  and  different 
front  the  shells  of  all  other  species.  At  the  nanoscale  level,  too,  the  crystal  structures  of  the  shell 
may  differ  from  one  species  to  another. 

In  shell  formation,  calcium  carbonate  crystal  nudeation  and  subsequent  epitaxial  growth  occur 
on  an  organizing  sheet  of  templating  protein  (Figure  2).  These  reactions  occur  in  a  membrane- 
enclosed  space,  front  a  solution  that  is  ionieally  enriched  by  enzymatic  pumping.  The  biopolymer 
layer  containing  the  template  also  is  hierarchically  assembled  (Figure  3).  The  anionic  crystal- 
directing  protein  template  is  secreted  onto  an  organizing  basal  layer  that  is  thought  front  electron 
microscopic  and  histochemieal  studies  to  consist  of  a  chitin-like  polysaccharide  and  a  silk-like 
protein  [cf.  7,X|. 
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Figure  2  (left).  Template-directed  bioniineraiizaiion.  Scnentatic  view  of  calcium 
carbonate  crystal  layers  formed  by  nudeation  and  subsequent  epitaxial  growth  on  anionic 
protein  sheets. 


Figure  3  (right).  Schematic  show  ing  hierarchical  synthesis  of  mineral  layer  on  templating 
protein,  which  is  first  secreted  on  an  organizing  basal  layer  of  biopolymers 
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metamorriiic  transition  in  ABALONE  shell  production 

A  clue  to  the  genetic  control  of  crystal  structure  in  biomineralization  came  from  our  studies  of 
the  metamorphosis  of  abalone  [HtiUoli.s  ritfc.sa'ns)  larvae.  We  routinely  produce  several  million  of 
these  small,  planktonic  larvae  in  the  laboratory  each  week  (9-1 1 |  These  larvae  are  ca.  200 
microns  in  diameter,  and  possess  a  rudimentary  larval  shell  that  forms  during  the  first  week  of 
larval  development.  In  our  previous  research,  we  identified  the  chemical  signal  that  induces  these 
larv  ae  to  metamorphose  and  begin  synthesis  of  the  adult  shell  [9. 10|.  This  chemical  signal  is 
normally  found  on  the  surfaces  of  certain  crustose  red  algae.  Chemosensory  recognition  of  the 
algal  signal  molecule  triggers  the  swimming  larvae  to  settle  from  the  plankton,  attach  to  the  algal 
surface,  and  synchronously  begin  metamorphosis  and  new  shell  synthesis.  We  can  duplicate  this 
process  convenient!)  using  the  punfied  chemical  inducer  (Figure  4).  As  seen  in  Figure  4,  rapid 
growth  of  the  new  shell  characteristic  of  the  adult  begins  quickly  after  the  induction  of 
metamorphosis,  while  larvae  that  receive  no  inducer  remain  arrested  at  the  larval  shell  stage. 


Figure  4.  Scanning  electron 
micrographs  of  an 
uninduced  abalone  larva 
(left:  2(X)  micron  diam.), 
and  a  sibling  that  received 
the  chemical  inducer  of 
metamorphosis  40  hr  before 
the  photograph  was  taken 
(right).  The  two  individuals 
are  the  same  age,  and  were 
cultured  in  parallel.  Scale  = 
10  microns.  From  [10|. 


Using  x-ray  diffraction  to  analyze  the  calcium  carbonate  crystal  structures  in  the  larval  shell 
and  in  the  adult  shell,  we  found  that  the  larval  shell  contains  calcium  carbonate  exclusively  in  the 
form  of  aragonite,  while  the  adult  shell  contains  both  calcite  and  aragonite.  This  transition  to 
calcite  production,  we  discovered,  is  linked  to  a  switch  in  the  templating  proteins,  suggesting  a 
genetic  coding  relationship  in  which  certain  protein  sequences  may  Direct  aragonite  formation, 
while  others  direct  calcite  formation. 


MF.T AMORPHIC  SWITCH  IN  TEMPI.ATINC  PROTEINS 

We  first  observed  this  transition  in  the  templating  proteins  by  extracting  the  hulk  proteins  from 
shells  at  different  stages  ol  development  and  growth,  using  a  chelating  agent  to  demineralize  the 
composite  |  1 1.  Extractions  performed  as  a  function  of  time  -  as  the  adult  shell  grew  following 
metamorphosis  -  revealed  a  progressive  increase  in  the  mole  fraction  of  aspartic  acid  as  the 
principal  anionic  amino  acid  in  the  shell  protein,  while  the  proportion  of  glutamic  acid  declined 
(Figure  5).  These  are  properties  of  (he  hulk  proteins:  numerous  problems  were  encountered  when 
we  first  tried  lo  purify  these  proteins,  however. 

Conventional  methods  of  protein  detection  proved  useless  with  the  shell  proteins  when  we 
attempted  to  separate  them  by  polyacrylamide  gel  electrophoresis.  The  shell  proteins  could  not  be 
visualized  when  the  electrophoresis  gels  were  stained  with  Coomassie  blue,  the  most  widely  used 
reagent  for  protein  detection  (Figure  6.  top  panel).  A  more  sensitive  method  employing  staining 
with  silver  also  proved  useless,  as  the  patterns  were  obscured  by  the  staining  of  many  non-protcin 
artifacts.  In  marked  contrast,  we  found  that  certain  cationic  carbocyanin  dyes  provide  excellent 
detection  of  shell  proteins  that  were  resolved  by  gel  electrophoresis  (Figure  6,  lower  panel).  These 
dyes  previously  have  been  used  for  the  detection  of  nucleic  acids,  which  of  course  are  polyanionic 
polymers.  As  we  expected,  these  dyes  also  react  well  with  the  polyanionic  shell  proteins  1 1 1. 
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Figure  5  Change  in  the  mole  fraction  of 
candidate  nucleating  amino  acids  in  the 
bulk  shell  proteins  extracted  as  a  function 
of  shell  growth  follow  ing  the  induction  of 
metamorphosis.  From  1 1  ]. 


Figure  6.  Improved  detection  of  shell 
proteins  using  cationic  carbocyanin  dye. 
Proteins  extracted  from  the  abalone  shell 
were  resolved  by  polyacrylamide  gel 
electrophoresis  under  non-denaturing 
conditions,  stained  in  situ  with  either  the 
conventionally  used  Coomassic  blue  stain 
(top  panel  l  or  the  cationic  carbocyanin  dye 
(lower  panel),  and,  after  removal  of  the 
unbound  dye.  scanned  spcctrophotometric- 
ally.  (The  sharp  peaks  of  absorbance  at  the 
extreme  ends  of  both  traces  mark  the 
optical  discontinuities  at  the  ends  of  the 
gels.)  From  1 1 1 
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Using  this  improved  method  of  detection,  we  were  able  to  confirm  our  hypothesis  that  new 
shell  proteins  are  induced  follow  ing  metamorphosis,  and  that  differences  in  these  protein  templates 
may  determine  the  differences  in  the  crystal  structure  of  the  deposited  calcium  carbonate.  At 
metamorphosis,  expression  of  the  genes  coding  for  these  new  proteins  is  turned  on  1 1  ].  The 
proteins  extracted  from  the  larval  and  adult  shells  migrate  differendy  during  electrophoresis,  and 
the  proteins  extracted  from  the  adult  shell  show  greater  complexity  than  those  from  the  larval  shell 
(Figure  7).  The  colors  of  the  carbocyanin-stained  proteins  also  differ:  proteins  from  the  adult  shell 
stain  blue,  while  the  principal  protein  resolved  from  the  larval  shell  stains  pink,  reflecting  the 
differences  in  their  principal  anionic  chromophores  1 1 1. 
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Figure  7.  Developmental  switch  of 
template  proteins  confirmed.  Proteins 
were  extracted  from  the  larval  shells  made 
prior  to  metamorphosis,  and  from  adult 
shells.  The  proteins  were  extracted  and 
analyzed  eteclrophorelically  in  parallel, 
with  carbocyanin  detection,  as  in  Figure  6. 
From  1 1  ]. 


Adapting  the  carbocyanin  staining  as  a  spcctrophotomctric  assay,  we  were  able  to  further 
purify  the  major  soluble  proteins  extracted  from  the  larval  and  adult  shells  by  gel  filtration  column 
chromatography.  For  this  purpose,  it  proved  necessary  to  employ  bicarbonate  buffers  both  to 
remove  residual  traces  of  the  tightly  bound  calcium  counterions  and  to  prevent  aggregation  of  the 
proteins  1 1 1.  Characterization  of  the  proteins  solubilized  and  purified  under  these  conditions 
revealed  amino  acid  compositions  consistent  w  ith  extensive  domains  of  alternating  anionic  and 
neutral  (principally  glycine  and  alaninei  residues  In  the  larval  shell  protein  made  prior  to 
metamorphosis,  the  predominant  anionic  residue  is  glutamate;  in  the  most  abundant  protein 
solubilized  from  the  adult  shell,  the  predominant  anionic  residue  is  aspartate.  Preliminary  analyses 
w  ith  enzymatic  digestion  have  thus  far  not  detected  significant  levels  of  either  phosphorylation  or 
glycosv  lation  of  the  major  proteins  extracted  from  the  larval  and  adult  shells  of  Haliotis  [  1 1. 
although  the  presence  of  these  groups  on  other  still  insoluble  proteins  has  not  yet  been 
investigated.  Figure  8  illustrates  hypothetical  canonical  or  idealized  sequence  domains  that  can 
be  postulated  for  the  larval  and  adult  protein*,  although  it  must  be  noted  that  considerable 
heterogeneity  and  specific  departures  from  these  idealized  sequence  domains  are  indicated  by  the 
available  data  1 1 1.  The  difference  between  the  two  principal  anionic  amino  acids  found  in  the  larval 
and  adult  shell  proteins  is  only  the  presence  of  one  additional  mctliy  lent  group  in  the  carboxyl  side 
chain  of  the  glutamate,  making  this  side  chain  slightly  longer  and  more  flexible  than  that  of 
aspartate.  It  is  possible,  then,  that  this  simple  difference  in  side  chain  structure,  and  the  specific 
positions  of  the  aspartate  and  glutamate  residues  in  th-  template  sheets,  may  directly  control  the 
crystalline  structures  of  the  calcium  carbonate  nucleated  and  grown  on  the  larval  and  adult  template 
proteins,  thereby  determining  the  transition  irom  aragonite  to  calctte  production.  We  are  working 
now  to  test  this  hypothesis  m  vitm 


Larval  Stage 


Figure  8.  Idealized  sequence  domains 
postulated  tor  functional  segments  of 
the  major  proteins  thus  far  characterized 
from  the  larval  and  adult  shells.  These 
canonical  domains,  while  consistent 
with  the  available  data  1 1 1.  are 
hypothetical  only. 
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Figure  9.  Bifacial  templating  protein. 
Three  protein  chains  (or  segments  of  the 
same  chain)  with  alternating  anionic  and 
neutral  amino  acid  sequences  arc  shown 
in  a  (5-plcated  sheet  conformation,  held 
together  with  lateral  hydrogen  bonds 
between  the  protein  chains.  The  anionic 
side  chains  (X-)  capable  of  nucleating 
calcium  carbonate  crystallization  all 
project  perpendicularly  from  one  face  of 
the  template  sheet,  while  the  neutral  side 
chains  (R)  of  the  anchoring  amino  acids 
all  project  perpendicularly  from  the 
opposite  face  of  the  sheet. 
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It  is  generally  believed  that  the  calcification  teniplaling  proteins  contain  bifacial  B-pleated  sheet 
domains  (illustrated  schematically  in  Figure  9).  in  cs  Inch  multiple  protein  chains  (or  loops  of  a 
single  chain)  self-assemble  to  yield  a  planar  aggregate  held  together  by  lateral  hydrogen  bonding. 

In  such  a  conformation,  the  alternation  of  anionic  and  neutral  amino  acids  would  ensure  that  all  of 
the  crystal-nucleating  anionic  side  chains  project  perpendicularly  from  one  face  of  this  sheet,  while 
the  neutral  side  chains,  that  can  serve  to  anchor  the  sheet,  project  perpendicularly  from  the  other 
face  (Figure  9). 


BIOMIMETIC  APPROACH  CAN  BOTH  TEST  AND  EXTEND  RESULTS 
FROM  BIOLOGY 


In  order  to  test  our  hypothesis  that  differences  in  the  anionic  amino  acids  of  lemplatiiig 
proteins  can  determine  the  crystal  structure  of  calcium  carbonate,  we  must  first  synthesize  the 
corresponding  proteins,  and  then  anchor  these  to  a  suitable  surface  to  allow  them  to  self-assemble 
into  the  P- pleated  sheets  appropriately  configured  for  templating.  We  re  now  exploring  several 
strategies  to  accomplish  this  One  involves  replacing  some  or  all  of  the  glycine  anchoring  amino 
acids  in  the  synthetic  canonical  sequence  with  phenylalanine,  which  has  a  projecting  benzyl  side 
chain  (Figure  10).  This  would  allow  us  to  anchor  the  template  on  hydrophobic  supports.  We  w  ill 
explore  the  possibility  that  interaction  of  these  synthetic  anchoring  benzyl  groups  with  the 
hydrophobic  surface  of  a  cadmium  arachidate  Langmuir-Blodgett  film,  for  example,  may  provide 
the  correct  orientation  for  subsequent  nucleation  and  grow  th  of  calcium  carbonate  on  the  anionic 
surface  of  the  protein  template  (Figure  1 1 ).  By  extension  of  work  we  reported  previously  w  ith 
such  films  1 12-15|,  we  will  systematically  manipulate  the  stereochemistry  of  the  coordinating 
hydrophobic  groups  in  the  L  B  film  to  optimize  template  sheet  formation  and  subsequent  crystal 
growth.  Also  in  extension  of  our  earlier  studies  1 16|.  we  plan  to  monitor  the  templating  surfaces 
and  calcium  carbonate  crystallization,  in  real  time,  by  atomic  force  microscopy  (AFM). 

Ultimately,  by  extending  these  studies  to  include  the  effects  of  other  modifications  in  the  structure 
and  chemistry  of  the  anionic  templating  groups,  including  the  incorporation  of  functional 
substituents  such  as  phosphate,  we  hope  to  learn  how  to  control  the  nucleation  and  grow  th  of  other 
inorganic  materials  such  as  aluminum  phosphates,  silicates  and  titania. 


Figure  10.  Modification  of  synthetic 
canonical  template  sequence  to  permit 
anchoring  on  hydrophobic  surfaces. 
Substitution  of  phenylalanine  residues 
for  glycine  as  the  anchoring  amino  acid 
yields  a  protein  with  projecting  benzyl 
side  chains,  suitable  for  anchoring  the 
template  onto  hydrophobic  supports. 
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Figure  11,  Schematic  representation 
showing  hierarchical  assembly  of  a 
synthetic  calcium  carbonate-templating 
protein  on  a  Langmuir-Blodgett  film. 
The  benzyl  side  chains  of  the  anchoring 
amino  acids  are  shown  interdigitating 
with  the  projecting  hydrophobic  chains 
of  a  cadmium  arachidate  L-B  film. 
Alternation  of  the  anchoring  and  anionic 
amino  acid  side  chains  of  the  (3-pleated 
sheet  protein  establishes  a  bifacial 
template,  permitting  nucleatiort  and 
epitaxial  growth  of  calcium  carbonate 
crystals  on  the  anionic  face  of  the 
template  sheet.  Crystal  growth  on  this 
array  can  be  analyzed  in  real-time  at  the 
atomic  level  of  resolution  using  AFM. 


TERMINATION,  AND  ITS  POSSIBLE  ROLE  IN  THE  MYSTERY  OF  REGULARITY 

In  addition  to  the  coding  relationships  that  control  crystal  formation,  another  puzzle  is  the 
process  responsible  for  the  incredible  regularity  of  microlaminar  thickness  in  the  molluscan  shell. 
Figure  1  shows  just  a  few  of  the  thousands  of  rrucrolaminae  -  each  approximately  0.5  micron  thick 
-  found  in  the  abalone  shell.  This  regularity  is  unprecedented  in  the  formation  of  most  other 
biological  structures;  the  mechanism  responsible  remains  a  mystery.  To  help  us  dissect  and 
understand  this  process,  we  now  are  using  genetic  cloning  to  identify  specific  proteins  that  may 
have  gone  undetected  thus  far,  yet  may  play  a  dynamic  role  in  the  termination  of  crystal  growth. 
These  studies  will  test  the  hypothesis  that  it  is  the  programmed  termination  and  reinitiation  of 
crystallization  that  is  responsible  for  the  highly  ordered  microlaminates  produced  in  shell 
mineralization. 


FUTURE  GOALS 

Our  goal  in  the  studies  described  above  is  to  analyze  the  templating  and  terminating  reactions 
at  the  nanoscale  level,  to  help  us  understand  the  genetic  coding  inherent  in  ihc  synthesis  of  ordered 
microlaminate  composites  in  nature,  and  to  be  able  to  apply  this  understanding  to  the  design  and 
synthesis  of  new  materials. 
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ABSTRACT 

The  schistosome  eggshell  is  composed  of  two  kinds  of  cross-linked  proteins.  One  is 
glycine  rich  and  the  other  is  extremely  tyrosine  rich  and  highly  repetitive.  The  highly 
conserved  sequence  of  the  tyrosine  residues  in  the  tyrosine  rich  protein  suggests  that  it  may 
play  a  role  as  an  electron  transport  chain  during  eggshell  cross-linking.  Studies  using  model 
synthetic  peptides  suggest  that  the  tyrosine  rich  protein  may  adopt  a  left-handed  structure, 
possibly  a  left-handed  alpha-helix. 

INTRODUCTION 

Schistosome  eggshells  are  made  of  proteins  that  are  cross-linked  at  the  time  of  eggshell 
formation  to  produce  a  highly  protease  resistant  microcapsule  [l,2|.  The  cross-links  are 
probably  produced  by  a  form  of  quinone  tanning  in  which  the  phenolic  side  chains  of  the 
tyrosine  residues  are  oxidized  to  quinones  which  then  react  with  nucleophilic  side  chains  of 
other  amino  acid  residues  resulting  in  cross-links  between  the  eggshell  proteins.  The  exact 
chemistry  of  these  reactions  has  not  been  elucidated,  however  over  90%  of  the  tyrosine  side 
chains  in  the  eggshell  precursor  proteins  are  lost  in  the  final  cross-linked  eggshell  and  cannot 
be  recovered  by  acid  hydrolysis  [1,31  strongly  implicating  the  tyrosine  residues  in  the  cross- 
linking  reactions.  Eggshell  formation  can  be  inhibited  by  copper  chelators  which  has  been 
taken  as  evidence  that  a  copper  dependent  phenol  oxidase  is  involved  in  the  process  [4,5J. 
Whilst  this  is  eminently  plausible  the  supporting  evidence  is  indirect  and  is  open  to  a  number 
of  alternative  interpretations.  In  this  paper  it  is  suggested  that  no  phenol-oxidase  enzyme 
homologous  to  the  currently  cloned  and  sequenced  phenol  oxidase  genes  is  present  in  this 
system.  The  available  evidence  suggests  the  possibility  that  the  highly  repetitive  tyrosine  rich 
eggshell  protein,  referred  to  as  F4,  plays  an  active  and  possibly  exclusive  role  in  the  oxidation 
and  cross-linking  reactions  leading  to  the  mature  eggshell. 

RESULTS  AND  DISCUSSION 

The  schistosome  eggshell  comprises  two  proteins  with  distinct  sequences.  The  genes  for 
two  proteins  implicated  in  eggshell  formation  have  been  cloned  and  sequenced  from  several 
laboratory  strains  of  S.  mansoni  [6-8|.  These  genes  are  transcribed  only  in  female  worms  and 
the  transcripts  are  localized  exclusively  in  the  vitelline  cells  which  synthesize  the  eggshell 
precursors.  The  first  genes  identified  belong  to  a  gene  family  that  encodes  a  family  of  14,000 
dalton  polypeptides  (p  14)  that  are  very  glycine  rich  (45  mole  %)  and  from  estimates  of  the 
abundance  of  their  mRNAs  [6,9|  they  are  probably  the  major  component  of  the  eggshell. 
Apart  from  the  inevitable  "repetitive"  nature  of  any  protein  which  is  45%  glycine  the  amino 
acid  sequence  is  not  composed  of  any  discernible  consensus  repeats.  This  polypeptide  will  be 
referred  to  as  the  glycine  rich  protein  (GRP). 

The  second  eggshell  protein  gene  was  first  identified  in  my  laboratory  several  years 
ago  and  encodes  a  very  different  protein  [2.8].  This  protein  which  we  refer  to  as  "F4"  (or 
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"p48"  after  its  apparent  molecular  weight  on  SDS  ge's  of  48,000  dallons)  is  very  tyrosine  rich 
and  for  most  of  its  length  is  composed  of  a  five  amino  acid  repeat.  This  repeat  has  the 
consensus  sequence  Gly-Tyr-Asp-Lys-Tyr  (GYDKY  in  single  letter  code). 

Figure  X.  The  amino  acid  sequence  of  E4  in  single  letter 
code . 

1 

MNLLVFSI LITCLLNSVYSGYNGYTNGISAITSRPGGGESHENSVDVYNKYYDSKKYS YG 
61 

teytsddsskytygknydkysydkysydkyghekgdekyaygknyekgydkyaydkygyg 

121 

kygydkygydkygydkygydkygydkygygkysydkygydkygyekygydkygyekgydk 

181 

ygsdkygyekgydkygsdkygdekgydkygsdkygyekgyqkygsdkygyekgydkygsd 

241 

kygdekvydkygydkygsdkygyekgydkygydkygyekygydkygyekygydkygydky 

301 

gydkygyekygydkygnekygydkygddkhghgkdyekygytkeysknykdyykkydkyd 

361 

YGSRYEKYSYRKDHDKHDHDEHDHHDDHHDHRHHHHEHDHHHHHEHDHKNGKGYU 


Figure  1  shows  the  amino  acid  sequence  of  one  of  the  sequenced  F4  proteins  and 
Figure  2  shows  the  amino  acid  compositions  of  GRP,  F4  and  mature  eggshell  and  shows  that 
the  eggshell  has  very  little  recoverable  tyrosine  after  the  cross-linking  reactions  are  completed. 
The  repeats  stretch  from  residue  76  to  residue  325. 

Figure  2.  The  amino  acid  compositions  of  the  glycine  and 
tyrosine  rich  eggshell  proteins,  GRP  (p!4)  and  F4  (p48>  and 
mature  eggshell.  Compositions  are  from  published  sources 
[2,3,  9]  . 
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The  proteins  F4  and  GRP  are  synthesized  and  sequestered  into  secretory  vesicles  in  the 
vitelline  cells.  These  secretory  vesicles  contain  an  acid  stabilized  emulsion  of  eggshell  proteins 
[  1 1.  The  cross-linking  reactions  are  triggered  when  these  vesicles  exocytose  their  contents  at 
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the  time  of  eggshell  formation.  These  events  have  been  discussed  in  detail  elsewhere  [1).  All 
of  the  components  of  the  eggshell  are  present  in  the  secretory  vesicles  and  all  that  is  necessary 
to  initiate  cross-linking  is  to  raise  the  pH  of  the  vesicles.  The  cross-linking  reactions  are  then 
triggered  within  the  secretory  vesicles  and  the  resulting  cross-linked  protein  droplets  have  the 
same  amino  acid  composition  as  mature  eggshell  1 1  j.  Allowing  for  some  loss  of  amino  acids 
during  the  cross-linking  reactions,  the  amino  acid  composition  of  the  eggshell  can  be 
accounted  for  by  the  two  sequenced  proteins.  Since  all  of  the  necessary  reagents  are  apparently 
present  within  the  vesicles  the  simplest  explanation  of  these  observations  is  that  the  two 
sequenced  proteins  are  the  only  proteins  present  in  the  secretory  vesicles  and  they  are 
sufficient  to  create  the  cross-linked  eggshell. 

It  has  been  assumed  that  a  "phenol  oxidase"  activity  is  necessary  to  cause  the  cross- 
linking  reactions  to  occur.  Indeed  my  laboratory  long  held  this  as  our  working  hypothesis  and 
this  was  reflected  in  the  published  interpretations  we  placed  on  our  results  (1).  However, 
negative  evidence  regarding  the  putative  phenol  oxidase  has  continued  to  accumulate  over  the 
last  several  years  in  my  laboratory  and  we  have  been  forced  through  several  stages  |2]  to  the 
conclusion  stated  above,  i.e..  that  the  two  identified  proteins  may  be  the  only  proteins  present 
in  the  secretory  vesicles  and  must  therefore  be  responsible  for  eggshell  formation  including 
the  cross-linking  reactions. 

Negative  evidence  regarding  the  involvement  of  a  schistosome  phenol  oxidase  involved 
in  eggshell  formation.  The  putative  existence  of  a  copper  dependent  phenol  oxidase  has  led 
a  number  of  investigators  to  try  to  identify  a  gene  homologous  to  (currently)  cloned  phenol 
oxidase  genes.  We  have  used  the  mouse  phenol  oxidase  gene  cloned  and  sequenced  by 
Shibahara  et  al.  |I0|  to  try  to  identify  a  cross-hybridizing  gene  in  the  schistosome  genome 
using  low  stringency  hybridization.  All  of  our  attempts  have  been  unsuccessful.  Negative 
experiments  of  this  kind  are  always  inconclusive  and  unsatisfactory,  however  all  of  the  reports 
we  have  received  from  colleagues  doing  similar  experiments  have  also  proved  to  be  uniformly 
negative  All  these  negative  results  simply  demonstrate  that  there  are  no  schistosome  genes 
sufficiently  similar  to  the  available  phenol  oxidase  sequences  to  hybridize  significantly  and 
it  in  no  way  demonstrates  that  there  are  no  "phenol  oxidase”  enzymes  involved  in  eggshell 
cross-linking.  However  the  continued  absence  of  a  female  specific  "phenol  oxidase"  enzyme 
either  as  a  protein  or  as  a  gene  remains  surprising  and  rather  unexpected. 

Evidence  from  the  sequence  of  F4,  the  tyrosine  rich  p — The  published  DNA 
sequences  of  the  tyrosine  rich  eggshell  protein  genes  and  the  proteins  they  encode  have  been 
reported  elsewhere  and  they  show  some  very  unusual  features  (2,K,9|.  Figure  3  shows  the 
codon  usage  for  the  F4  ORF  reported  by  Chen  ct  al.  and  the  amino  acid  composition  of  the 
F4  protein.  Additional  sequences  of  repeals  have  been  reported  by  my  group  elsewhere  |2,8|. 
Inspection  of  the  sequence  of  F4  reveals  some  unique  features.  There  are  108  tyrosine  residues 
in  the  F4  protein  ORF.  This  is  a  very  large  number  for  a  single  protein,  larger  than  any  other 
single  protein  known  to  the  author,  (n  contrast  to  the  large  number  (108)  of  tyrosine  residues 
in  the  F4  protein  is  the  very  small  number  (!)  of  phenylalanine  residues  and  the  complete 
absence  of  tryptophan.  The  single  phenylalanine  is  in  the  putative  signal  peptide  and  is 
probably  cleaved  off  the  precursor  protein  during  synthesis  and  transmembranc  secretion.  Thus 
there  are  no  phenylalanine  or  tryptophan  residues  in  the  mature  F4  protein. 

When  one  considers  tyrosine  residues  in  the  majority  of  other  proteins  this  situation 
becomes  more  striking.  The  only  substitutions  for  tyrosine  that  occur  at  levels  in  excess  of 
chance  are  phenylalanine  and  tryptophan,  the  two  residues  that  never  occur  as  replacements 
for  tyrosine  in  F4.  If  there  were  only  a  few  tyrosine  residues  iu  F4  this  could  be  ascribed  to 
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chance.  Howeve:  there  are  108  tyrosine  residues  in  F4  and  not  a  single  phenylalanine  or 
tryptophan  residue.  This  is  very  unlikely  if  the  tyrosine  residues  have  conventional  roles,  i.e., 
like  those  in  the  proteins  used  to  compile  the  matrix  of  accepted  mutations.  This  matrix  has 
been  compiled  using  available  pairs  of  homologous  proteins  and  is  of  course  limited  by  the 
proteins  sequenced  at  the  time  of  compilation.  In  these  proteins  the  replacement  of  tyrosines 
with  phenylalanine  or  tryptophan  strongly  implies  that  these  tyrosine  residues  have  essentially 
hydrophobic  roles.  In  the  case  of  F4  this  is  presumably  not  the  case  and  these  hydrophobic 
residues  are  absolutely  forbidden,  presumably  by  selection. 


Figure  3.  Codon  Usage  in  the  F4  ORF. 
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The  F4  amino  acid  sequence  is  being  maintained  by  selection.  Consideration  of  the 
DNA  sequence  and  codon  usage  deduced  from  it  shows  that  extensive  selective  pressure  is 
maintaining  the  amino  acid  sequence.  For  example,  the  glycine  residues  that  are  present  in  the 
sequenced  repeats  show  extensive  variation  in  the  third  base  of  the  codons.  The  codon  usage 
for  glycine  in  F4  is  almost  identical  to  the  codon  usage  observed  for  all  other  sequenced 
schistosome  genes.  Considering  the  third  base  position  only  (TCAG)  the  respective 
percentages  of  each  of  the  4  codons  in  F4  arc  55,  17,  23  and  5,  whereas  in  all  sequenced 
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schistosome  proteins  they  a  54,  18,  23  and  5  jll|.  From  this  I  infer  that  mutations  have 
occurred  frequently  (and  been  accepted)  in  the  third  base  of  the  glycine  codons  and  therefore 
the  same  frequency  of  mutations  must  have  occurred  in  bases  one  and  two.  The  presence  of 
accepted  amino  acid  substitutions  for  the  glycine  residues  is  consistent  with  this.  Asparagine, 
serine,  alanine  and  valine  are  found  as  substitutions  for  glycine.  Serine,  alanine  and  valine  are 
one  point  mutation  from  glycine  codons  whereas  asparagine  is  two  mutations  away.  However, 
also  one  point  mutation  away  from  glycine  are  aspartate,  glutamate,  arginine,  cysteine  and 
tryptophan,  none  of  which  are  present  as  substitutions  for  glycine.  Valine  is  present  only  once. 
Thus  point  mutations  in  glycine  codons  are  approximately  three  times  more  likely  to  produce 
codons  for  these  unrepresented  amino  acids  than  for  the  ones  accepted  leading  to  the 
conclusion  that  the  accepted  amino  acids  are  far  from  random  in  their  usage  and  that  strong 
selection  is  maintaining  the  observed  sequence.  Serine  codons  replacing  glycine  codons  in  the 
GYDKY-repeats  are  one  base  change  from  glycine  codons  whereas  serine  codons  in  place  of 
tyrosine  residues  are  all  one  base  change  away  from  tyrosine  codons  as  would  be  expected  if 
they  are  a  result  of  mutations  of  glycine  and  tyrosine  codons  respectively. 

93%  of  the  time  the  third  amino  acid  of  the  consensus  repeat  is  either  Asp  (66%)  or 
Glu  (27%)  with  the  only  other  accepted  amino  acid  at  this  position  leing  glycine.  All  other 
one  base  substitutions  in  the  third  codon  of  the  repeats  have  been  selected  out.  Once  again  this 
is  very  unlikely  to  be  solely  the  result  of  chance. 

Amino  acids  at  positions  4  and  5  within  the  consensus  repeat  are  always  lysine  or 
tyrosine  respectively.  The  tyrosine  at  position  5  is  not  always  present,  but  if  it  is  present  it  is 
always  tyrosine  |2], 

The  tyrosine  codons  at  positions  2  and  5  within  the  repeat  are  conserved  in  a  very 
unusual  fashion.  As  outlined  above  there  are  no  phenylalanine  or  tryptophan  substitutions  at 
either  of  the  two  positions.  However  some  alternative  substitutions  have  been  accepted, 
namely  serine,  aspartate,  histidine  and  asparagine.  These  accepted  mutations  are  all  one  base 
change  from  tyrosine  codons.  The  two  other  one  base  changes  would  result  in  either 
phenylalanine  or  cysteine  substitutions.  Both  phenylalanine  and  cysteine  are  present  once  in 
the  complete  F4  sequence,  both  in  the  signal  peptide  where  their  hydrophobic  natures  are 
clearly  appropriate. 

The  lysine  residue  at  position  4  of  the  repeat  is  completely  conserved,  no  substitutions 
being  accepted  within  the  repeats  (2).  Arginine  is  the  most  common  accepted  substitution  for 
lysine  in  the  majority  of  proteins.  In  the  F4  protein  there  are  three  arginine  residues  all  of 
which  lie  outside  the  repeat  region  in  the  histidine  rich  C-terminal  region  of  F4.  Arginine  is 
an  accepted  replacement  for  histidine  in  many  proteins  and  this  is  consistent  with  their 
presence  in  the  C-terminal  region  of  F4. 

All  these  data  lead  to  the  inescapable  conclusion  that  the  selective  pressure  maintaining 
the  F4  sequence  within  the  reneats  is  considerably  out  of  the  ordinary.  The  usual  reasons  for 
selecting  for  or  against  particular  residues  are  not  being  followed  within  the  repeals.  Most 
strikingly  phenylalanine  and  tryptophan  are  forbidden  substitutes  for  tyrosine  in  F4.  In  other 
proteins  selective  pressure  to  maintain  a  particular  amino  acid  residue  is  usually  directly 
dependent  on  the  relative  importance  of  the  residue  for  the  protein’s  function.  The  best 
examples  are  for  residues  at  the  active  sites  of  enzymes  where  particular  residues  may  be 
absolutely  required  for  activity.  In  these  cases  the  residue  is  normally  unique  being  found  only 
once  in  the  sequence  with  this  particular  function.  Thus  individual  residues  are  sometimes 
completely  conserved.  The  difficulty  with  the  F4  protein  is  that  all  of  the  lysines  are 
conserved  and  very  strict  selection  is  acting  on  all  the  repeals.  The  simplest  explanation  for 
their  conservation  would  be  that  they  are  a][  absolutely  necessary  for  the  function  of  F4.  To 
put  it  into  a  biological  and  evolutionary  context,  if  one  tyrosine  is  replaced  by  a  phenylalanine 
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then  the  schistosome  carrying  this  mutation  will  leave  no  descendants  in  succeeding 
generations.  This  selection  is  absolute  since  there  is  not  a  single  phenylalanine  or  tryptophan 
substitution  in  108  tyrosine  residues.  The  same  reasoning  applies  to  the  lysine  residues. 

How  is  it  possible  that  this  degree  of  selection  can  occur  in  a  repetitive  protein?  The 
only  example  I  know  where  phenylalanine  is  a  forbidden  substitution  for  tyrosine  is  tyrosine 
161  of  the  D1  polypeptide  in  Photosystem  II  [12|.  In  this  case  the  tyrosine  is  acting  as  an 
electron  carrier  being  reversibly  oxidized  and  reduced.  Phenylalanine  will  not  perform  the 
same  role.  Extending  this  line  of  reasoning  to  F4,  if  tyrosine  is  acting  as  an  electron  carrier 
in  F4  then  all  of  the  tyrosines  must  be  required  for  the  putative  redox  function.  Therefore  the 
F4  protein  must  he  acting  as  an  electron  transport  chain.  Only  by  the  necessity  for  a  chain  of 
tyrosines  can  the  complete  selection  against  Phe  and  ftp  be  explained.  One  residue  of  Phe  or 
Trp  would  break  the  "chain1'  thus  destroying  the  function  of  the  whole  molecule.  The  only 
accepted  mutations  for  the  tyrosine  codons  are  polar,  potentially  ionizable  residues  which 
might  be  expected  to  impede  electron  transfer  less  than  Phe  or  Trp  or  Cys. 

Why  should  F4  be  required  to  transport  electrons?  Cross-linking  of  the  eggshell  is  a  series 
of  reactions  beginning  with  an  oxidation  step.  If  a  phenol  oxidase  were  carrying  out  the 
reactions  a  copper  atom  within  the  enzyme  would  be  the  primary  electron  acceptor  with  the 
electron  subsequently  being  transferred  to  molecular  oxygen.  In  the  alternative  scheme  that 
our  reasoning  is  leading  towards  the  primary  electron  acceptor  is  still  probably  copper  as 
suggested  by  the  inhibition  of  cross-linking  by  copper  chelators.  However  as  pointed  out  in 
the  introduction  the  source  of  the  oxidizing  equivalents  is  unclear  if  there  is  no  phenol  oxidase 
with  access  to  the  tyrosine  side  chains.  In  our  alternative  scheme,  the  F4  protein  acts  as  an 
electron  conductor  carrying  electrons  out  of  the  eggshell  to  copper  atoms  waiting  elsewhere 
in  the  eggshell.  One  attractive  possibility  for  the  location  of  the  copper  atoms  might  be  in 
association  with  the  histidine  rich  C-tcrminal  domain  of  F4  but  this  is  pure  speculation. 
Compared  to  the  glycine  rich  protein  with  an  apparent  molecular  weight  of  14,(XX)  daltons  F4 
is  relatively  large  with  a  molecular  weight  of  48,000  daltons.  This  would  be  appropriate  for 
a  protein  whose  function  was  to  act  as  an  extended  electron  transport  chain  conducting 
electrons  out  of  the  partially  cross-linked  eggshell. 

Since  all  of  the  tyrosines  appear  to  participate  in  cross-links,  logical  consequences  of 
this  scheme  are  either,  1 )  cross-linking  must  begin  at  one  end  of  F4  and  proceed  sequentially 
along  the  protein  to  the  other  end  when  all  the  tyrosines  are  oxidized  or,  2)  electron  transport 
is  not  prevented  by  cross-link  formation.  Alternatively  electrons  flowing  along  the  chain 
keep  all  tyrosine  residues  ahead  of  them  reduced  resulting  in  the  same  effect  as  the  first  case. 
Finally  it  is  possible  that  F4  serves  as  an  "electron  guide”  channelling  electrons  into  a  waiting 
conventional  "phenol  oxidase"  enzyme  that  is  sterically  prevented  from  accessing  each  and 
every  tyrosine  residue. 

Alternative  explanations  for  the  role  of  the  repeats  are  possible.  For  example  each 
repeat  might  possess  enzymatic  activity.  Since  there  are  multiple  repeats  the  absolute  selection 
against  Phe  or  Trp  cannot  be  accounted  for  by  this  scheme.  The  tyrosine  residues  are  almost 
all  destroyed  during  the  cross-linking  reactions  and  presumably  therefore  participate  as 
reagents  in  the  reactions.  Therefore  it  is  possible  that  the  role  of  F4  is  purely  structural  serving 
as  a  substrate  for  an  enzyme  catalyzing  the  cross-linking  reactions.  The  roles  of  the  glycine 
rich  protein  and  F4  would  therefore  be  similar,  acting  as  passive  substrates  for  another 
enzyme.  If  this  were  the  case  then  the  selective  pressures  on  both  proteins  might  be  expected 
to  be  similar.  However,  this  does  not  appear  to  be  the  case  since  there  are  several 


75 


Figure  4:  Circular  Dichroiso  spectra  for  a  thirty  amino  acid  F4- 
peptide  (GYDKY)  .  CD  spectra  were  recorded  at  20°C  with  a  JASCO 
J500A  spectropolarimeter  at  a  peptide  concentration  of  0 . 1  mg/ml 
employing  1  mm  cells.  Protein  concentrations  were  determined  by 
Tyrosine  absorbance.  CD  spectra  of  (A)  F4-6  in  20  mM  sodium 
phosphate,  pH  6.5.  (B)  F4-S  in  20  mM  sodium  phosphate,  4  M 
LiCIO,,  pH  6.5  heated  to  90°C  for  30  minutes  prior  to  analysis, 
(C)  F4-6  in  trifluoroethanol .  The  inset  shows  (a)  the  effect  of 
LiCIO,  concentration  on  the  CD  spectrum  of  F4-6  at  188  nm  and  20°C 
and  (b)  the  effect  of  temperature  on  the  188  nm  negative 
ellipticity  minimum. 
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phenylalanine  residues  within  the  body  of  the  glycine  rich  protein  although  there  are  far  fewer 
total  tyrosine  residues  than  in  F4.  There  are  probably  other  possible  roles  for  F4,  but  all  the 
explanations  we  have  considered  suffer  from  the  same  inability  to  explain  the  high  level  and 
the  nature  of  the  sequence  conservation  of  the  repeats. 

Does  the  consensus  repeat  adopt  a  particular  secondary  structure?  Using  a  thirty  amino 
acid  synthetic  peptide  (GYDKY)6  referred  to  as  F4-6  we  have  performed  a  series  of 
biophysical  measurements  to  determine  its  potential  secondary  structure. 

Figure  4  shows  Circular  Dichroism  spectra  for  the  F4-6  peptide.  In  phosphate  buffer 
the  CD  spectrum  of  F4-6  shows  a  marked  negative  eilipticity  at  188nm  and  positive  ellipticity 
with  a  peak  at  222nm  (A  in  Figure  4).  In  contrast  in  trifluoroethanol  the  spectrum  of  F4-6  is 
almost  exactly  inverted  showing  a  spectrum  that  is  more  typical  of  a  conventional  right  handed 
alpha  helix  (C  in  Figure  4).  The  majority  of  these  signals  are  removed  by  denaturing 
conditions  as  shown  in  trace  B  and  the  insert  to  Figure  4  for  the  negative  ellipticity  at  188nm. 
Our  tentative  interpolation  of  these  data  is  that  F4-6  is  adopting  some  kind  of  left-handed 
structure  in  phosphate  buffer,  possibly  a  left-handed  alpha-helix.  This  conclusion  is  supported 
by  computer  energy  minimizations  which  suggest  that  the  left-handed  alpha-helix  is  an 
energetically  preferred  structure.  What  relevance  these  observations  have  for  the  function  of 
F4  remains  to  be  determined. 

At  the  present  time  all  we  can  conclude  is  that  the  F4  protein  has  some  very  significant 
functional  role  based  on  the  strong  selection  that  has  been  maintaining  the  amino  acid 
sequence  over  long  periods  of  time.  Our  suggestion  is  that  the  F4  protein  acts  as  an  electron 
transport  chain  conducting  electrons  out  of  the  cross-linking  eggshell  thus  helping  to  overcome 
problems  of  steric  hindrance  preventing  access  to  tyrosine  side  chains  involved  in  the  cross- 
linking  reactions. 
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ABS 1  RAC T 

A  molecular  adaptor  lor  interlacing  environmentally  sensitise.  soluble  poly  met  x  .mil 
antibody  molecules  has  Ivon  developed  Hie  gene  coding  tor  the  minimally  sized.  NN  ammo  avid 
led  binding  domain  ft  out  protein  d  has  hsvn  constructed  by  tot.il  gene  synthesis  Itiis  donum 
in  thermally  stable.  exhibits  a  highly  reversible  loldmg  anil  tiniolding  equilibrium.  and  recognizes 
led  and  1  ab  molecules  mill  In  eh  alftmly  These  properties  make  the  protein  d  domain  a 
potentially  useful  adaptor  tor  non  eoi.ilenl  miihobili/.Hion  .  t  unuhi  dies  to  soluble  polymers  and 
hydrogels  I'.ngtneered  single  sham  Is  antibody  liugmonis  base  also  been  constructed  and  a 
method  for  expanding  the  useltilttess  o!  the  protein  d  adaptor  I- ■  these  molecules  is  ptopo>ed 
llte  engineered  antibodies  also  provide  a  model  system  tor  developing  general  immobilization 
strategics  aimed  at  maximizing  binding  altinities  and  therapeutic  icsponsec  ’Hie  oveiall  goal  is 
to  develop  optimized  engineering  designs  for  functionally  optimized  antibody  material  hybrids 

1NTR(  U  tl'CIK  )N 

Rapid  advances  m  the  biomedical  sciences  have  resulted  in  the  identification  ol  numerous 
biornolceules  with  great  therapeutic  ami  diagnostic  potential.  I  hesv  developments  have  created  a 
picsstng  need  for  advanced  separation  materials  which  arc  capable  of  isolating  bioacltve 
molecules  front  complex  biological  mixtures  and  souices  Similarly,  the  development  of 
sophisticated  diagnostic  materials  will  Iv  required  to  lake  till!  advantage  .  he  many 
bioinoleeule  based  markers  which  have  been  identified  lor  disease  diagnosis  and  _  revention 
Both  separation  and  diagnostic  materials  are  usually  dependent  at  some  level  on  an  affinity 
interaction  Because  proteins  display  unmaiched  molecular  recognition  capabilities,  there  is  gteal 
mictcsl  in  using  these  bioniotccu'ics  foi  separation  and  diagnostic  purposes  l*rotein  engineering 
techniques  offer  the  possibility  ol  tailoring  protein  stnistural  and  Imistional  properties  for  specific 
applications,  in  ways  not  limited  in  naturally  ociiinng  proteins  I  or  example,  il  would  be 
desirable  to  have  available  proteins  c.  nu.ining  both  tailored  t.ugct  reeognuion  domains  and 
i.iiloie.!  .loin. nits  foi  inteiacimg  with  ihe  non  biological  supports  rciimred  id  separation  and 
diagni’siii  materials  I  ins  irottmen'ally  sensitive  soluble  polymers  lepiesom  a  tundamcr.ially 
imp  :iai\i  target  lor  these  piotem  eng’iteering  el  torts  due  to  then  advanced  material  propeiiies 
lit.'  work  deseni'cd  here  is  directed  toward  combining  tailored  piotem  components  with 
Intel  licet:!  poly  met  m.ileri.ils  to  gcnciatc  adv  Jiisv'd  separations,  diagnostic,  therapeutic,  and  drug 
dclixel  y  ii\ fm  d.igies 


I  M’liKIMI  N  I  Al 

!*ri  lent  („>  (.’"'nc  I  V'.'^n  and  ( nui-n  lion. 

The  xs  ninno  avid  lg(i  binding  domain  ol  Protein  (i.  tot  which  high  resolution  x-ray 
crystal  .md  NMR  solution  stuicnucs  are  available  I  I  2],  was  reverse’  translated  using  the  (i('(i 
so'lwatc  package  I  he  Inial  gene  design  incorporated  oplirn.il  codon  usage  lot  /-.  <  o/i 
xpression  .,nd  V!,'  I  sinks  ends  on  both  r I.,-  >  am!  (  termini  A  total  o|  six  uligomic lc  tides 
wcic  s\  n  i  he  sized,  web  ituee  oligonui  i.-oiides  .-ncodnig  ihe  sense  and  .liitisensi1  stratuls 
respectively  Ihe  -  dig.  mui  le.  tides  were  designed  wiiti  ca  IN  bas-e  pair  overlaps  between 
»o!i:  piemen  tarv  strands  Ilk'  "lig.  nn  leoiidcs  were  pin  spin  ay  iated.  arav.ii-cd  bv  lie, eng  lo  ,Jtl"(' 
with  subsequent  slow  s- <  ding,  and  ligated  mi  Nde  I  cut  pt  ’C  I't  I’his  construction  was 
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transformed  into  f.‘.  K>li  strain  TG  I.  and  transformants  were  lested  tor  inserts  using  a  P(  '}< 
based  colony  screen  Proper  si/cd  inserts  were  then  sequenced  using  AH!  lUiorcsccnce 
methodologies. 


Antibody  Cloning  and  Single-Chain  Tv  CotiMtuction. 

PCR  techniques  were  utilized  to  clone  the  variable  heavy  and  light  chain  domains  from 
three  parent  monoclonal  antibodies  (Novagen,  Madison  Wh.  Iota!  RNA  was  isolated  tn»m 
hybruloma  cell  cultures  and  reverse  transcribed  to  cDNA.  A  degenerate  set  v>t  5  and  v 
oligonucleotide  primers,  directed  against  conserved  ammo  acid  sequences  m  the  leader  peptide 
and  first  constant  domains  respectively .  was  then  used  to  selectively  amplify  the  variable  donum 
genes  Correctly  sized  POR  products  were  subsequently  subcloned  and  sequenced  The  single¬ 
chain  Tv  construction  also  utilizes  PCR  techniques  to  join  the  variable  heavy  and  light  chain 
domains  with  a  15  amino  acid  linker  (Figure  l  >. 
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Figure  1  Schematic  outline  of  the  genetic  construction  strategy  lor  the  production  * »t  single 
chain  I  v  antibody  derivatives.  The  individual  v  at  table  heavy  and  light  chains  are  first  cloned 
Uving  degenerate  PCR  primers  directed  against  conserved  leader  peptide  sequences  and  the  tirst 
constant  domain  sequences.  These  clones  are  then  spliced  together  with  primers  incorporating 
the  15  amino  acid  linker  which  joins  the  heav  y  and  light  chain  domains 
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A  Molecular  Adaptor  lor  Soluble  Polymcr-Ani i Iv -Jy  I fug nut ot  ia Is 

Most  bionutcnu!  applications  arc  dependent  at  some  level Mirtaa*  iiiu  i.nin'ih  between 

a  non-biolngtcul  maicna!  and  biological  molecules.  Ip  t  riant  examples  iikIuJ.*  . and 

separations  materials*  with  required  interactions  between  optical.  ek\uicat.  and  polymei 
components  and  the  biological  sensing  and  affinity  molecules.  While  biological  m-  U\  ales  excel 
at  many  tec  ugnil  ion -based  functions  (c.i!.  sensing  ami  at  I  imt\  separations),  they  are  seldom 
found  to  be  simultaneously  designed  lor  the  materials  interlace  We  have  initiated  studies  aimed 
at  utilizing  pride  in  engineering  techniques  to  develop  general  molecular  strategics  for  controlling 
the  materials- biomoJeeule  interface  1 *|.  One  ol  our  first  targets  is  the  interface  between  pnu  ms 
and  water  soluble  polymers  and  hydrogels  |4,5.f>}.  fhese  environmentally  sensitive  polymers 
show  great  potential  lor  mans  separations,  diagnostic,  and  drug  delivers  applications  I  he 
physical  slate  of  soluble  polymers.  such  as  N- isopropyl  acrylamide .  can  be  reversibly  cycled 
between  an  extended  hvdrated  form  and  j  collapsed  precipitated  slate  Hie  cittiopy  duven  phase 
change  cji)  bo  effected  with  mild  alteiations  ot  lemperature  and  pH  that  tail  within  an  acceptable 
range  lor  main  protein  molecules.  Proteins  can  be  coupled  directly  to  the  polymer  backbone  via 
surface  lysine  residues  w uh  com eniional  cross-linking  chemistry  lhe  polymer  piotein  hybrids 
can  he  exposed  to  the  target  and  then  sepaiated  from  solution  with  a  slight  change  in  temperature 
or  pH.  l  he  general  process  is  useful  lor  either  separations  purposes  or  with  immuno  assay 
diagnostic  schemes.  In  addition  to  the  attractive  stimuli-responsiveness  ol  the  polymcis.  these 
systems  greatly  reduce  the  considerable  problem  of  non  speed ic  adsorption  at  solid  surfaces 
associated  with  conventional  chromatography  and  I  I. ISA  technujues 

Antibodies  repres  *n»  a  particularly  impoiiant  target  btwinokvule  m  the  development  ol 
these  smart  polymer  hybrid  materials  Rather  than  directly  coupling  antibodies  to  die  soluble 
support,  however,  it  i>  desirable  in  some  cases  to  have  them  non  lovnlcntly  bound.  I  or 
example,  we  are  interested  m  polymers  that  could  sequentially  recognize  a  variety  ot  antibody 
molecules  with  distinct  specificities  There  is  also  the  practical  problem  «*1  antibody  stability  over 
the  course  of  repeated  precipitation  cycles  Denaturatton  ol  the  covalently  linked  antibodies 
iTJcclJvch  macuvaies  the  enure  polymer  system  To  generate  a  non  covalent  interlace  between 
soluble  polymers  and  antibodies,  we  have  utilized  a  genetically  engineered  adaptor.  The  jdaptor 
is  a  minimally  sized,  highly  stable  Jg(i  binding  domain  from  Streptococcal  protein  (i.  The  gene 
encoding  the  55  amino  acid  domain  was  constructed  by  total  gene  synthesis  and  has  been 
expressed  at  high  yields  in  /•..  <o//  |7f  Hus  domain  exhibits exuemeiy  high  thermal  stability  ton 
the  protein  scald,  and  more  importantly  exhibits  a  highly  reversible,  two  state  iolding/nnlojding 
equilibrium  |X|.  The  isolated  domain  binds  both  intact  Ig(i  and  f  ab  antibodies  with  high  alfimty 
tea.  Hl'M  and  high  resolution  crystal  structure'  are  available  for  both  the  isolated  protein  and 
die  l  ab  complex  |K|.  in  addition  to  its  deniable  phy  sical  properties,  the  native  protein  (»  domain 
does  not  contain  cysteine.  This  will  enable  us  to  genetically  engineer  a  unique  thud  side  chain  at 
specified  points  on  the  protein  surface  |l>j.  The  current  cross  linking  chemistry  utilizes  amino 
functionalities  on  the  protein  surface  Invariably,  however,  there  are  a  number  <>/  lyxmc  residue' 
that  are  generally  distributed  across  the  protein  surface  It  is  thus  nearly  impossible  to  control  the 
stoichiometry  and  site  ol  cross  linking  at  live  molecular  level  f  lenetie  control  of  th  ’  attachment 
site  will  yield  molecular  control  ol  stoichiometry  and  cross  linking  loci 
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Protein  ()  associates  with  l  ah  antibodies  through  an  interesting  recognition  motit.  lhe 
primary  protein  protein  interlace  is  generated  hrough  the  formation  of  inter  protein  ('.  sheet 
structure.  We  are  attempting  to  take  udvuntag  *  of  this  motif  to  extend  the  usefulness  ol  the 
protein  (i  adaptor.  The  goal  is  to  provide  the  sai  ie  non  covalent  interface  for  the  recognition  ol 
genetically  engineered  single  chain  l  v  antibodies.  Single  chain  fv  antibodies  are  constructed  by 
losing  ihe  variable  heavy  and  light  clums  with  a  15  ammo  acid  flexible  peptide  linker  f  !0j 
Those  minimally  sized  antibody  fragments  retain  the  specificity  and  affinity  of  the  parent  Ig(i.  but 
can  be  produced  in  h.  ich  and  can  thus  be  genetically  manipulated  In  related  work  we  are 
attempting  to  engineer  improved  antibody  components  with  advanced  separation  pr opm ties  to  g 
cm  ironmemally  regulaied  and  triggered  antigen  affmny  i  but  these  single  chain  l  v  fragments  la*.k 
lhe  tisjui  constant  domains  Since  these  constant  domains  iand  associated  carbohydrate  binding 
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sites)  provide  the  usual  cross-linking  handles  and  the  recognition  sites  for  protein  adaptors  such 
as  protein  Ci  or  protein  A.  their  absence  makes  it  difficult  to  interface  the  single-chain  Fv  with 
conventional  material  surfaces.  Protein  G  forms  an  antiparallel  U-shect  hydrogen- bonding 
interaction  with  the  last  six  antino  acids  of  the  CH2  Fah  domain.  When  added  to  the  ("-terminus 
of  the  engineered  single-chain  Fv  antibodies,  this  peptide  sequence  should  provide  a  useful 
adaptor  for  interfacing  with  the  protein  G-soluble  polymer  hybrid  (Figure  2). 


SINGLE-CHAIN  Fv 


Figure  2.  Schematic  illustration  of  the  peptide  adaptor  to  be  used  in  conjunction  with 
the  protein  G-soluble  polymer  hybrid  to  generate  affinity  separation  materials  for 
engineered  single-chain  F'v  antibodies. 
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Eneintx‘rim!  Optimized  Biomatcnal  Activity 

The  control  of  hiomaterial  function  through  the  optirni/ation  of  hioinoleculc  activity 
remains  a  fundamental  goal.  An  important  example  of  a  specific  target  is  the  development  of 
immobilization  methods  which  maximize  the  binding  or  enzymatic  activity  of  protein  components 
in  biosensors,  diagnostic  materials,  drug  delivery  materials,  and  bioreactors.  We  have  developed 
a  model  experimental  system  for  addressing  the  specific  goal  of  maximizing  the  activity  of 
materials  which  utilize  immobilized  antibodies.  Genetic  engineering  techniques  w  ill  be  used  to 
test  several  immobilization  strategies  that  encompass  both  covalent  and  non  covalent  interactions 
between  a  single-chain  Fv  and  various  material  surfaces.  The  principal  goal  is  to  identify  a  .set  of 
generally  applicable  mutations  on  the  highly  conserved  antibody  framework  to  generate  a 
"universal"  design  for  optimized  immobilization  (Figure  3). 


Figure  T.  Schematic  illustration  ol  bio-activity  assay  to  assess  immobilization  strategies  The 
cell  response  can  be  quantitated  and  studied  as  a  function  of  attachment  site  and  surface 
engineering. 


I  his  system  should  have  direct  import  to  biosensor  antibody  immobilization,  amibodv  targeted 
drug  delivery  materials,  antibody  based  diagnostic  materials,  and  therapeutic  .inuhodv  delivers 
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The1  central  single-chain  Fv,  termed  S5,  can  function  directly  as  a  therapeutic  agent  The  S5 
parent  monoclonal  antibody,  when  administered  intravenously  at  0.2  tng/kg/day  prior  to  total 
body  irradiation,  has  been  shown  to  enhance  marrow  graft  acceptance  in  a  canine  model  [  1 1 1. 
S5  is  directed  against  CD44  1 12|.  a  glycoprotein  receptor  that  is  widely  distributed  in  the  body 
and  responsible  for  a  variety  of  functional  activities  related  to  cellular  adhesion  and  activation. 
S5  stimulates  biological  responses  through  CD44,  and  its  activity  has  been  well -characterized 
both  in  vitro  and  in  vivo  .  This  antibody  system  provides  three  key  capabilities  for  evaluating  the 
effectiveness  of  immobilization  strategies:  (1)  an  assay  is  available  tor  quantitating  effective 
binding  affinities  (2)  in  vitro  cell  assays  are  available  for  quantitating  the  effective  ability  of  the 
immobilized  antibodies  to  stimulate  specific  biological  responses  (1)  an  in  vivo  system  is 
available  for  testing  whether  improved  in  vitro  designs  have  any  relationship  whatsoever  to  in 
vivo  function.  Immobilization  strategies  to  be  tested  include  the  design  of  complementary 
material  and  antibody  surfaces  (via electrostatic  and  hydrophobic  mechanisms),  where  the  mural 
antibody  interaction  site  is  narrowed  hy  the  selection  of  a  genetically  engineered  covalent 
attachment  site  (e  g.  the  introduction  of  a  surface  thiol)  Figure  .1  illustrates  (he  general  features 
of  the  system  using  a  single-chain  Fv-targeted  liposome  as  an  example  of  an  antibody  material 
hybrid. 
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ABSTRACT 


A  new  approach  to  materials  design  is  presented,  utilizing  specific  recognition 
and  assembly  at  the  molecular  level.  The  approach  described  exploits  the  control 
over  polymer  chain  microstructure  afforded  by  biosynthesis  to  produce  protein- 
based  materials  with  precisely  defined  physical  properties.  Incorporated  into 
these  materials  are  recognition  elements  that  stringently  control  the  placement 
and  organization  of  each  chain  within  higher  order  superstructures.  The 
proteins,  designated  Recognin  A2  through  Recognin  E2,  are  recombinant 
polypeptides  designed  de  novo  from  both  natural  consensus  sequences  and  an 
appreciation  of  the  physical  principles  governing  biological  recognition.  These 
materials  are  designed  to  examine  the  forces  involved  in  specific  recognition  and 
complexation.  through  control  of  charge  identity  and  placement,  a  pattern  for 
specific  interaction  can  be  introduced.  A  subset  of  these  materials  are 
programmed  to  spontaneously  assemble  into  complex,  multicomponent 
structures  and  represent  the  first  step  in  a  rational  approach  to  nanometer-scale 
structural  design. 

INTRODUCTION 

Efficient  engineering  at  the  molecular  scale  relies  on  two  things:  1)  the  ability 
of  individual  molecules  to  recognize  specific  counterparts  in  multicomponent 
systems,  and  2)  spontaneous  organization  into  well-defined  molecular 
complexes  of  hundreds  or  thousands  of  molecules.  In  traditional  materials 
science  the  level  of  such  organization  rarely  extends  down  to  the  molecular 
level.  The  ordering  of  individual  molecules  is  statistical  in  nature,  and  often 
considerable  post-assembly  processing  is  required  to  achieve  the  desired  physical 
properties.  Nanometer  scale  fabrication  techniques  must  rely  on  the  molecules 
to  process  themselves  into  useful  assemblies.  This  can  only  be  accomplished  by 
incorporating  into  each  component  the  ability  to  spontaneously  recognize  where 
it  belongs  within  a  larger  framework  and  to  rapidly  incorporate  into  the  final, 
desired  product. 

The  importance  of  recognition  processes  in  nature  cannot  be 
overemphasized.  These  interactions  form  the  basis  for  virtually  every  biological 
process  in  living  organisms  Nature  has  developed  a  large  array  of  specific 
recognition  patterns,  based  on  shape,  hydrophobicity,  charge  placement,  and 
allosteric  interactions.  Understanding  of  these  recognition  patterns  has 
progressed  rapidly  in  the  past  few  years,  particularly  in  the  specificity  of 
interaction  seen  in  transcriptional  regulatory  proteins.  Using  these  sequences  as 
general  models,  we  have  examined  electrostatic  interactions  and  their  role  in 
determining  specificity  and  extent  of  dimerization  in  synthetic  leucine  zipper 
proteins.  The  identity  and  positioning  of  charges  along  the  two  alpha-hc^"'"; 
dramatically  influences  the  specificity  of  dimerization  toward  otherwise  identical 
sequences. 
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MATERIALS  AND  METHODS 

T4  DNA  ligase,  T4  polynucleotide  kinase.  Calf  Intestinal  alkaline 
phosphatase,  and  the  restriction  enzymes  EcoRI,  BamHl,  Hindlll,  BstEII,  and 
Xbal,  were  obtained  from  Pharmacia  LKB  (Piscataway,  NJ).  The  restriction 
enzymes  Nhel,  Xhol,  and  Spel  were  obtained  from  Mew  England  Biolabs 
(Beverly,  MA).  The  plasmid  pUC18  and  E.  coli  strain  NM522  were  obtained  from 
Pharmacia.  The  plasmid  pQE-9  and  the  E.  coli  strain  SG13009pREP4  were 
obtained  from  Qiagen  (Chatsworth,  CA).  All  general  procedures  for  isolation, 
manipulation,  and  routine  analysis  of  DNA,  along  with  methods  of  E.  coh 
transformation,  were  performed  as  described  in  Sambrook,  Frisch,  and  Maniatis 
[11.  DNA  sequencing  was  accomplished  using  the  T7  Sequencing  Kit  from 
Pharmacia. 

Preparation  of  Synthetic  DNA 

Oligonucleotides  were  synthesized  on  a  Milligen/Biosearch  Cyclone  Plus 
DNA  Synthesizer  using  the  phosphoramidite  chemistry  of  McBride  and 
Caruthers  [2].  Crude  oligonucleotides  were  purified  using  preparative  gel 
electrophoresis,  enzymatically  phosphorylated  using  T4  polynucleotide  kinase, 
and  annealed  to  form  heterodupiex  DNA. 

Cloning  and  Amplification  of  Synthetic  DNA 

Synthetic  DNA  fragments  were  inserted  into  dephosphorylated  pUC18  digested 
with  EcoRI  and  Hindlll.  The  ligation  mixture  was  used  to  transform  £.  coli 
strain  NM522,  and  color  selection  on  plates  containing  isopropyl  thiogalactoside 
(IPTG)  and  5-bromo-4-chloro-3-indolyl-galactopyranoside  (X-Gal)  used  to  identify 
recombinants.  Plasmids  containing  inserts  were  sequenced  to  identify  the 
encoded  protein  sequences.  Desired  genetic  sequences  were  isolated  and  purified 
from  50  mL  cultures,  and  the  fragments  liberated  by  digestion  with  the 
appropriate  enzymes. 

Construction  of  pUC-BstEII 

Synthetic  DNA  encoding  a  57  base  pair  linker  fragment  (Figure  1)  was 
inserted  into  dephosphorylated  pUC18  digested  with  Xbal  using  T4  DNA  ligase, 
and  the  resulting  mixture  used  to  transform  E.  coli  strain  NM522.  Recombinants 
were  identified  by  color  screening,  and  the  insert  verified  by  double-stranded 
plasmid  sequencing.  The  plasmid  was  purified  from  100  mL  of  liquid  culture 
and  digested  with  BstEII.  The  linearized  vector  was  then  dephosphorylated 
using  Calf  intestinal  alkaline  phosphatase,  and  gel  purified  from  1%  agarose. 

Construction  of  the  Recognition  Elements 

The  126  base  pair  DNAs  encoding  the  various  recognition  elements  (Figure  2) 
were  constructed  in  situ  by  combining  and  ligating  the  desired  fragments  in  the 
presence  of  linearized  pUC-BstEII.  The  ligation  mix  was  used  to  transform  E.  coli 
strain  NM522.  Recombinant  plasmids  were  identified  by  digestion  with  BamHl, 
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and  the  constructed  recognition  elements  verified  by  double-stranded  plasmid 
sequencing. 

Construction  of  Prokaryotic  Expression  Systems 

Properly  constructed  recognition  elements  were  excised  from  the 
recombinant  pUC-BstEII  by  digestion  with  BamHl  and  gel  purified  from  1% 
agarose.  Purified  recognition  elements  were  inserted  into  the  BamHl  site  of  pQE- 
9  (Qiagen,  Inc.,  Chatsworth,  CA).  The  ligation  mixes  were  used  to  transform  E. 
col i  NM522.  Plasmids  containing  the  recognition  elements  in  the  correct 
orientation  were  identified  by  restriction  digestion,  and  were  used  to  transform 
E.  colt  SG13009  pREP4  (Qiagen,  Inc.,  Chatsworth,  CA) 

Protein  Expression 

All  protein  expressions  were  performed  in  1  B  media  (32  g  Bacto-Tryptone,  20 
g  Yeast  Extract,  5  g  NaCl  per  liter).  Media  were  supplemented  with  400  mg/I. 
ampicillin  and  50  mg/L  kanamycin.  Fifty  milliliters  of  saturated  culture  were 
’’sed  to  inoculate  1  L  of  freshly  sterilized  media,  and  the  cultures  allowed  to  grow 
at  37  °C  for  3  h  with  vigorous  aeration.  1PTG  was  added  to  a  final  concentration 
of  2  mM,  and  protein  production  induced  for  2  h  at  37  °C  with  vigorous  aeration. 
Cells  were  isolated  by  centrifugation  and  lysed  in  50  mL  of  6  M  guanidinium- 
HC1,  100  mM  sodium  phosphate,  pH  8.0.  After  1  h  incubation  at  ambient 
conditions,  the  solution  was  centrifuged  at  12,UUU  rpm  for  30  minutes.  The 
clarified  supernatant  was  collected  and  stored  at  -20  °C  until  purified.  Proteins 
were  purified  by  Ni-NTA  column  chromatography  using  the  method 
recommended  by  the  manufacturer.  Yields  of  purified  protein  ranged  from  70- 
140  mg/E. 

Protein  Characterization 


Purity  of  the  recombinant  proteins  was  assayed  by  amino  acid  composition, 
N-terminal  sequencing,  capillary  electrophoresis,  and  matrix-assisted  laser 
desorption  mass  spectrometry.  In  all  cases  purities  exceeded  95%.  Turbidity 
studies  were  performed  on  a  Beckman  DU-70  UV/Vis  spectrophotometer 
operating  at  400  nm  Kinetic  analyses  were  performed  on  a  Biacore  Biospecific 
Interaction  Analysis  System  (Pharmacia  Biosensor,  Sweden)  in  20  mM  sodium 
phosphate,  100  mM  sodium  chloride,  pH  7  0. 
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Figure  1.  Sequence  of  the  synthetic  linker.  Important  restriction 
sites  are  underlined. 
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Figure  2.  Sequences  of  the  DNA  monomers.  Amino  acids  are 
indicated  below  the  appropriate  codons.  Important 
restriction  sites  are  underlined. 


RESULTS  AND  DISCUSSION 

The  ability  to  incorporate  specificity  into  assembly  processes  allows  for  a  high 
level  of  contrc!  er  molecular  architecture,  and  in  theory  permits  the  precise 
tailoring  of  the  macroscopic  properties  of  the  material  (mechanical,  thermal, 
absorptive).  Until  recently,  no  clear  approach  for  such  self-assembly  was 
envisioned  We  present  here  the  first  demonstration  of  a  "programmed 
molecular  assembly"  using  recognition  motifs  incorporated  into  synthetic 
polypeptides.  These  motifs  stringently  enforce  specific  interaction  and  assembly 
in  complex  multicomponent  systems. 

Various  transcription  factors,  including  C/EBP,  GCN4  and  members  of  the 
Eos,  Jun,  and  Myc  families  form  highly  specific  dimeric  complexes  involving 
hydrophobic  interactions  between  leucine  residues  in  laterally  aligned  coiled-coil 
structures.  These  protein  regions  have  been  named  'leucine  zippers”  because 
the  leucines  interdigitate  much  like  the  teeth  of  a  zipper.  The  sequences  of  such 
regions  contain  regularly  spaced  hydrophobic  residues  within  a  generic  heptad 
repeat  (a-b-c-d-e-f-g)n-  Within  this  repeat,  hydrophobic  residues  are  usually 
found  at  the  a  and  d  positions,  while  polar  and  charged  residues  occupy  the  e  and 
g  positions.  The  alpha-helices  wrap  around  each  other  with  a  slight  superhelical 
twist  having  a  period  of  ca.  140  A.  An  isolated  coiled  coil  is  about  10  A  thick. 

The  dimerization  process  is  driven  by  sequestering  the  hydrophobic  residues 
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into  the  interior  of  the  coiled  coil,  with  carefully  positioned  charged  residues 
imparting  a  specificity  in  the  choice  of  coiled-coil  partners.  Site-directed 
mutagenesis  of  both  the  hydrophobic  and  charged  residues  demonstrated  that 
while  the  driving  force  for  dimerization  is  hydrophobic  in  nature,  the  dominant 
factor  in  preferential  heterodimer  formation  was  electrostatic  interactions, 
occurring  between  sidechains  at  the  e  and  g  positions  in  the  coiled  coil  [31. 

The  degree  of  specificity  in  the  Fos-jun  interaction  has  been  quantitated  using 
short  synthetic  peptides  identical  in  sequence  to  the  leucine  zipper  portions. 
O'Shea  et  ni  [4 3  showed  by  HPLC  that  the  preference  to  form  Fos-jun 
heterodimers  is  at  least  100-fotd  greater  than  the  preference  to  form  either 
homodimer.  They  also  confirmed  results  reported  earlier  (5)  that  within  the 
coiled  coil  the  two  alpha-helices  align  in  parallel,  contrary  to  the  antiparallel 
arrangement  originally  reported  [61.  This  has  been  further  confirmed  by  X-ray 
diffraction  data  from  crystals  ot  the  homodimer  of  GCN4,  which  indicate  both 
the  parallel  in-register  alignment  of  chains  and  the  presence  of  ionic  interactions 
between  residues  at  the  e  and  g  positions  [7], 

Protein  Sequence  Design 

The  degree  of  organization  in  coiled  coils,  at  the  secondary,  tertiary,  and 
quarternary  levels,  makes  them  ideal  candidates  for  primary  components  in  self- 
asserrbling  systems.  Unique  to  these  materials  is  the  precise  spatial  control, 
over  hundreds  of  angstroms,  of  functional  group  placement.  The  high  degree  of 
specificity  exhibited  in  Fos-jun  dimerization  can  be  incorporated  into  novel 
synthetic  proteins,  producing  materials  capable  of  spontaneous  self-organization 
into  complex  supramolecular  assemblies 

Toward  this  end,  we  have  designed  and  synthesized  a  library  of  genetic 
elements  encoding  the  following  protein  sequences: 

(IGDL1E/K)N[E/K]VAQL(E/K1R(E/K)VRSL[E/K1D[E/K| 
AAEL1E/K|Q(E/K|VSRL[E/K]N[E/K11F.DL[E/K)A[E/Kl)n  f 

Protein  sequences  were  designed  with  the  following  considerations  in  mind 
1)  the  formation  of  coiled-coil  alpha-helices,  2)  the  incorporation  of  specific 
recognition  patterns  through  precise  placement  of  charged  groups,  and  3)  control 
of  solubility  in  the  dimeric  state.  This  sequence  positions  leucine  residues  every 
seven  residues  (underlined  for  visual  clarity)  at  the  d  position  The  identity  and 
position  of  the  leucines  and  charged  groups  are  in  agreement  with  natural 
leucine  zipper  proteins,  but  a  number  of  natural  proteins  that  contain  repealed 
leucine  heptads  do  not  form  coiled  coils.  7\n  algorithm  recently  developed  by 
Lupus,  Van  Dyke,  and  Stock  to  identify  coiled  coils  from  primary  sequence  data 
was  used  to  refine  protein  sequences  with  respect  to  their  propensity  for  coiled 
coil  formation  [8j. 

The  protein  sequences  represented  in  1  were  reverse  translated  to  the 
corresponding  DNA  sequences  (shown  in  Figure  2).  Codons  were  chosen  to 
maximize  expression  level  in  E.  coli  and  to  introduce  useful  restriction  sites  for 
subsequent  genetic  manipulation.  The  length  and  composition  of  the  amino 
acid  repeat  was  chosen  not  only  to  create  sophisticated  recognition  motifs,  but 
also  to  minimize  the  repetitive  nature  of  the  corresponding  gene.  The  DNA 
sequences  use  a  "mixed  site"  approach  at  the  first  base  of  the  codons  for  amino 
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acids  at  the  e  and  g  positions.  An  (A/G]  mixed  site  synthesis  is  used  to  generate 
either  AAA  (Lys)  or  GAA  (Glu)  codons  at  these  positions.  Thus  in  a  single  step  a 
library  of  DNA  sequences  encoding  all  4096  (2'2)  possible  recognition  sequences 
can  be  generated. 

The  DNA  monomers  were  constructed  via  three  sets  of  smaller 
oligonucleotides  to  simplify  the  isolation  of  recognition  sequences  (e  g.,  if  the  full 
length  monomer  were  constructed  prior  to  sequencing,  an  unmanageably  large 
number  of  sequencing  reactions  would  be  needed  before  complementary 
recognition  sequences  were  identified).  Fragmentation  of  the  monomer  into 
three  sections,  each  having  only  16  possible  permutations,  significantly  reduces 
the  effort  required  to  identify  sequences.  From  a  limited  number  of  sequenced 
segments,  a  large  number  of  monomer  recognition  sequences  can  be  rapidly 
constructed.  After  construction  of  the  various  monomer  genes,  the  DNA  was  re¬ 
sequenced  to  insure  that  no  alterations  had  occurred  from  re-transformation. 

Design  of  Charge  Patterns  for  Recognition 

We  set  two  guidelines  for  charge  sequence  design;  that  the  pattern  of 
glutamates  and  lysines  discourage  homodimerization  (as  this  would  complicate 
any  assembly  scheme),  and  that  the  charge  pattern  controlling  the  dimerization 
insure  that  the  orientation  of  the  two  helices  is  parallel  and  in-register.  Using 
the  crystallographic  data  of  Kim  and  coworkers  [7]  as  guidelines  for  how 
electrostatic  interactions  are  formed  in  such  structures,  we  designed  the 
following  materials,  designated  Recognins  A2  through  E2: 


Recognin  A2 

EEEE 

EEEK 

KEKE 

EEEE 

EEEK 

KEKE 

Recognin  B2 

KKKK 

KKKE 

EEKK 

KKKK 

KKKE 

EEKK 

Recognin  C2 

KKEE 

KKKE 

EEKK 

KKEE 

KKKE 

EEKK 

Recognin  D2 

EEEE 

KKKE 

EEKK 

EEEE 

KKKE 

EEKK 

Recognin  E2 

EEEE 

EEKE 

EEKK 

EEEE 

EEKE 

EEKK 

For  simplicity,  only  the  charge  pattern  of  the  e  and  g  residues  is  indicated.  All 
other  residues  in  these  proteins  are  shown  in  1.  Electrostatic  bonding  occurs 
between  the  e  residue  of  the  ith  heptad  and  the  g  residue  of  the  ith-1  heptad.  The 
rationale  for  these  sequences  is  that  A2  is  viewed  as  a  target  sequence,  with  B2 
reflecting  a  perfect  electrostatic  fit.  Recognins  C2,  D2,  and  E2  are  progressively 
poorer  fits  to  the  A2  charge  pattern.  These  materials  can  be  used  to  test  a  number 
of  assumptions  about  the  strength  and  stability  conferred  on  these  structures  by 
electrostatic  interaction,  and  their  role  in  controlling  the  specificity  of  interaction. 

Turbidometric  Analysis 

We  investigated  the  interaction  between  A2  and  B2  using  turbidity 
measurements  at  400  nm.  The  proteins  are  believed  to  exist  as  weak 
homodimers  in  solution;  upon  mixing  the  more  stable  heterodimer  is  formed. 
When  these  proteins  are  mixed  at  equal  concentrations,  a  rapid  increase  in 
turbidity  is  seen.  We  attribute  this  to  specific  heterodimer  formation,  which 
subsequently  associates  into  higher  order  structures  that  precipitate  from 
solution.  Gel  analysis  of  the  precipitate  indicates  that  it  is  a  1:1  complex  of  A2 
and  B2  No  similar  increase  in  the  turbidity  of  the  homodimer  solutions  is 
observed  prior  to  mixing 
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Surface  Plasmon  Resonance  Analysis  of  Recognin  Interactions 

We  looked  very  closely  at  the  interaction  of  A2  with  both  B2  and  C2,  with 
both  components  free  in  solution  and  when  one  species  was  immobilized  onto  a 
thin  gold  film.  The  latter  was  done  to  measure  the  rates  of  association  and 
dissociation  between  the  complexes.  We  used  surface  plasmon  resonance  to 
detect  minute  changes  in  refractive  index  that  accompany  a  specific  binding 
event  in  the  immediate  vicinity  of  the  metal  surface.  This  technique  is 
extremely  sensitive,  and  can  detect  specific  interactions  at  Ihe  picogram  level.  As 
shown  in  Figure  3,  there  is  a  measurable  difference  in  both  the  rates  and 
magnitude  of  interaction  between  A2-B2  and  A2-C2.  After  an  initial  increase  in 
refractive  index  due  to  solvent  exchange,  it  is  seen  that  the  rate  of  association  for 
the  A2-82  complex  is  more  rapid  and  that  the  equilibrium  response  is  achieved 
sooner.  There  does  not  seem  to  be  a  great  difference  in  the  rates  of  dissociation 
(seen  in  the  later  portions  of  the  sensorgram).  A  kinetic  analysis  of  these  rate 
constants  run  at  several  different  concentrations  of  A2  reveals  thai  for  the  A2-B2 
interaction,  k,,ss  =  4.11  x  103,  kjjss  =  1.31  x  10-3  ,  and  Kj  =  3.14  x  106.  For  the  A2- 
C2  interaction,  k<1S5  =  3.46  x  103,  kjjss  =  2.39  x  10'3  ,  and  Ka  =  1.45  x  106.  The 
interaction  of  these  molecules  when  both  components  are  free  in  solution,  along 
with  the  analysis  of  A2's  interaction  with  other  Recognins,  is  presented 
elsewhere  (9]. 


SPR  Analysis  of  Recognin  Interactions 


3000 


o r - 

0  100  200  300  400  500  600  700  800  900 


Time  (sec) 

Figure  3.  Surface  plasmon  resonance  measurements  of  the 
interactions  between  A2-B2  and  A2-C2  at  25  jig/ ml, 
concentration  of  A2. 
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a) 


b) 


Figure  4.  Applications  to  new  materials  design,  a)  Generation 
of  highly  oriented  fibers  through  control  of  molecular 
assembly,  b)  Production  of  3-D  networks  with  precisely 
defined  pore  sizes  using  the  same  strategy. 
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Applications  to  Materials  Science 

We  have  used  de  novo  design  to  produce  a  series  of  coiled-coil  proteins 
capable  of  rapid  and  selective  complex  formation  in  solution.  We  view  these 
materials  as  "building  blocks"  for  the  design  of  more  complex  self-assembling 
materials.  Examples  of  such  materials  are  postulated  in  Figures  4a  and  4b.  In  the 
first  case,  that  of  self-assembling  fibers,  the  genes  for  Recognins  A2  and  B2  are 
modified  by  incorporating  additional  recognition  elements  at  the  N-  or  C- 
terminus.  These  new  elements,  designed  to  react  with  each  other  and  not  A2  or 
B2,  impose  a  new  driving  force  for  ordered  supramolecular  assembly,  and  align 
all  of  the  dimers  in  a  "head-to-tail"  orientation  within  a  growing  fibril.  Such 
fibers  should  have  excellent  mechanical  properties,  along  with  unique  piezo- 
and  pyroelectric  activity. 

The  second  example,  that  of  ordered  network  formation,  is  a  logical  extension 
of  ordered  fiber  assembly.  Here  the  fiber-forming  genes  are  further  modified  to 
introduce  a  third  set  of  recognition  sites  that  will  control  growth  and 
organization  in  three  dimensions.  Such  materials  will  have  highly  uniform  and 
controlled  pore  sizes  that  could  be  exploited  in  optics,  thermal  insulation, 
selectively  permeable  membranes,  controlled  release,  or  medical  reconstruction. 
Such  materials  are  currently  under  development. 
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ABSTRACT 

A  gene  encoding  one  complete  (C-rSR)  core  repeat  from  spla, 
a  1000-kDa  silk  protein  from  Chironomus  tentans .  was 
synthesized  and  its  recombinant  protein  expressed  to  high 
levels  in  bacterial  cells.  We  observed  that  reducing  agents 
significantly  alter  the  electrophoretic  mobility  of  this 
protein.  A  variety  of  data  indicate  that  the  purified 
recombinant  protein  is  folded  and  its  structure  stabilized  by 
two  intramolecular  disulfide  bonds. 


INTRODUCTION 

Aquatic  larvae  of  the  midge,  Chironomus  tontcr.s .  spin 
insoluble  silk  libvts  composed  of  about  a  dozen  proteins  ( 1 ) . 
Prior  to  spinning,  these  proteins  exist  as  soluble  super- 
molecular  complexes  in  the  lumen  of  the  salivary  gland  [2). 
Studies  of  protein  complex  disassembly  and  reassembly  in  vitro 
indicate  that  the  giant  (1000-kDa)  spl  proteins  form  the 
fibrous  backbone  of  the  silk  [2].  Molecular  biological  data 
reveal  that  spls  consist  of  130  to  150  tandem  copies  of  a  core 
repeat  which  can  be  divided  into  two  domains;  the  constant  (C) 
domain,  which  contains  four  conserved  cysteines,  and  the 
subrepeat  (SR)  domain,  which  contains  multiple  copies  of  the 
motif,  basic  residue-proline-acidic  residue  [1].  Circular 
dichroism  and  Fourier  transform  infrared  spectroscopic  studies 
of  synthetic  peptides  suggest  that  the  C  domain  is  mainly 
a-helical  and  the  SR  domain  forms  a  poly (glycine) -type  II 
helix  [3].  Both  domains  contain  /3-turns. 

Studies  using  synthetic  peptides  are  restricted  by 
practical  size  limitations.  In  order  to  obtain  monomeric  and 
multimeric  (C+SR)  proteins  with  a  defined  number  of  repeats,  we 
turned  to  genetic  engineering  (4).  Here  we  report  the 
successful  expression  in  bacteria  of  a  monomeric  recombinant 
Constant-And-Subrepeat  (rCAS)  protein  and  the  unexpected 
finding  that  purified  rCAS  is  folded  and  stabilized  by 
disulfide  bonds. 


GENE  SYNTHESIS  AND  EXPRESSION 

Codon  usage  in  Escherichia  coli  and  CL  tentans  differs 
significantly.  Therefore,  to  optimize  expression  in  a 
bacterial  cell,  a  gene  was  designed  such  that  the  amino  acid 
sequence  of  the  insect  protein  was  encoded  by  codons  preferred 
by  E\  coli.  The  gene  was  synthesized  in  three  steps  (Fig  1)  : 
assembly,  priming  and  amplification. 


Mat.  Rea.  Soc  Symp.  Proc,  Vol  292  1993  Materials  Research  Society 


94 


IS2-ni  SR 

-  I  ) 

129  nl  C 

- h* 

i  Assemble 


Prime 


Amplify  by  PCR 


Fiq.  1.  Steps  in  the  synthesis  of  the  C+SR  gene  encoding  rCAS. 


Assembly 

Two  oligonucleotides  were  synthesized.  The  C  oligo¬ 
nucleotide  is  129  nucleotides  long  and  overlaps  the  first  SR. 
The  SR  oligonucleotide  is  152  nucleotides  long,  contains  four 
SRs  and  is  complementary  to  part  of  the  C  oligonucleotide. 
Upon  annealing,  the  oligonucleotides  yielded  template-primer 
complexes  suitable  for  DNA  polymerase  to  complete  the  synthesis 
of  the  two  strands. 


Priming 


The  assembled  gene  was  denatured  and  mixed  with  an  excess 
of  two  different  oligonucleotides  which,  besides  providing 
primers  for  the  polymerase  chain  reaction  (below) ,  provided 
sequences  necessary  for  subsequent  manipulations  of  the  gene. 
These  primers  contain  restriction  enzyme  cleavage  sites 
necessary  for  inserting  the  gene  into  an  expression  vector  as 
well  as  providing  sites  that  will  enable  head-to-tail  ligation 
of  tandem  (C+SR]  repeats. 


Amplification 

The  primed  synthetic  gene  was  amplified  using  the 
polymerase  chain  reaction  (5]  with  a  thermostable  DNA 
polymerase.  After  25  cycles,  microgram  quantities  of  a  298-bp 
fragment  were  obtained. 
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Insertion  and  Expression 


After  purification  by  gel  electrophoresis,  the  amplified 
gene  was  cleaved  with  restriction  enzymes  and  inserted 
downstream  from  the  bacteriophage  T7  gene  10  promotor  on  the 
plasmid,  pET3a  [6]  (Fig.  2).  By  fusing  the  start  codon  of  the 
T7  gene  10  promotor  with  a  methionine  codon  in  the  C  domain,  we 
were  able  to  produce  rCAS  devoid  of  extraneous  amino  acids. 
The  bacterial  host,  BL21(D£3),  was  transformed  with  the 
recombinant  pET3a::C+SR  construct  and  cells  were  tested  for 
inducible  synthesis  of  rCAS.  rCAS  synthesis  requires  the 
synthesis  of  T7  rna  polymerase  which,  in  turn,  depends  upon  the 
ability  of  isopropyl-fi-thiogalactopyranoside  (IPTG)  to  bind  a 
repressor  protein  that  otherwise  binds  the  lac  operator 
preventing  synthesis  of  T7  RNA  polymerase  (Fig.  3). 
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Fig.  2.  The  recombinant  expression  plasmid,  pET3a : : C+SR 


BL21  (DE3) 


Fig.  3.  The  scheme  for  IPTG-induced  synthesis  of  rCAS  in  the 
bacterial  host  cell,  BL21(DE3),  containing  pET3a::C+SR. 
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The  successful  application  of  this  scheme  is  illustrated 
in  Fig.  4.  While  IPTG  induction  leads  to  an  apparent  decrease 
in  the  amount  of  protein  synthesized  per  cell,  induced  and 
non-induced  BL21(DE3)  cells  containing  pET3a  display  a  similar 
spectrum  of  proteins.  In  contrast,  IPTG-induced  cells 
containing  pET3a::C+SR  produce  a  single,  prominent  protein, 
rCAS . 


1  2  3  4  5 


Fig.  4.  Electrophoretic  comparison  of  proteins  in  whole-cell 
lysates  of  IPTG-induced  (lanes  3  and  5)  and  uninduced  (lanes  2 
and  4)  bacterial  cells  containing  pET3a  (lanes  2  and  3)  or 
pET3a::C+SR  (lanes  4  and  5).  Lane  1  contains  molecular  weight 
standards.  The  arrow  indicates  the  position  of  inducible  rCAS. 


PRESENCE  OF  DISULFIDE  BONDS 


During  the  characterization  and  purification  of  rCAS,  we 
discovered  that  its  electrophoretic  mobility  on  sodium  dodecyl 
sulfate-polyacrylamide  gels  was  altered  if  the  protein  was 
first  treated  with  reducing  agents  such  as  (3-mercaptoethanol  or 
dithiothreitol.  This  implied  that  at  least  some  of  the  four 
cysteine  residues  in  the  C  region  may  be  involved  in  formation 
of  one  or  more  disulfide  bonds.  Quantitative  Ellman  assays  [7] 
indicated  that  native  rCAS  contained  less  than  1  mole  of 
sulfhydryl  per  mole  of  protein.  However,  upon  treatment  with 
reducing  agents,  we  measured  about  3  moles  of  sulfhydryl  per 
mole  of  rCAS. 

To  better  quantitate  cysteine  sulfhydryls,  laser 
desorption  mass  spectrometry  was  performed  on  rCAS  that  was 
denatured  and  alkylated  with  iodoacetamide  with  and  without 
reduction.  The  mass  of  reduced  rCAS  was  227  daltons  greater 
than  native  rCAS,  a  value  consistent  with  the  reduction- 
dependent  addition  of  four  carboxyamidomethyl  groups. 


Direct  evidence  for  cystine  (two  cysteines  joined  by  a 
disulfide  bond)  was  obtained  by  amino  acid  analysis  of 
denatured,  alkylated  rCAS  with  and  without  reduction.  In  the 
absence  of  reduction,  rCAS  contained  a  cystine  peak  with  no 
evidence  of  any  carboxymethyl-cysteine.  Treatment  with 
reducing  agents  abolished  the  cystir.e  peak  and  yielded  four 
carboxymethy 1-cysteines  per  mole  of  rCAS. 

From  these  data  we  conclude  that  purified  rCAS  contains 
two  disulfide  bonds  which,  upon  denaturation  and  reduction,  can 
be  converted  to  four  cysteine  residues. 


FOLDING  OF  CORE  REPEATS  IN  spla 


rCAS  apparently  contains  the  information  required  to  fold, 
bringing  pairs  of  cysteines  within  the  minimum  distance 
required  for  disulfide  bond  formation.  We  are  currently  trying 
to  map  the  paired  cysteines  that  form  these  disulfide  bonds  to 
determine  whether  or  not  they  are  homogeneous.  Such 
information  will  be  useful  for  locating  the  B-turns  that  were 
predicted  from  our  spectroscopic  data  obtained  using  synthetic 
peptides  [3]. 

It  has  been  proposed  that  conserved  cysteine  residues  in 
the  C  domains  participate  in  forming  intermolecular  disulfide 
bonds  that  covalently  cross-link  spl  complexes  and  decrease 
their  solubility  (8).  The  presence  of  intramolecular  disulfide 
bonds  in  rCAS  suggests  another  possible  role  for  these 
cysteines.  Perhaps  the  maintenance  of  spl  solubility  within 
the  cell  and  initial  prevention  of  the  formation  of  insoluble 
spl  complexes  is  accomplished  by  folding  and  formation  of 
intramolecular  disulfide  bonds  similar  to  those  found  in  rCAS. 
The  expression  of  recombinant  proteins  with  multiple  tandem 
copies  of  rCAS  will  enable  us  to  test  this  hypothesis. 


PERSPECTIVE 


Our  results  raise  two  items  of  interest  for  this 
symposium.  First,  in  terms  of  understanding  the  cellular 
processing  of  a  biological  material  (C^.  tentans  silk) ,  in  vivo 
formation  of  spl  intramolecular  disulfide  bonds  would  require 
an  oxidizing  environment.  Oxidized  glutathione  in  the 
endoplasmic  reticulum  may  already  provide  the  necessary  redox 
state  during  protein  synthesis  and  secretion  (9).  As  of  yet, 
there  is  no  candidate  for  an  agent  in  the  processing  pathway 
that  would  promote  shuffling  of  disulfide  bonds  from 
intraprotein  to  protein-protein  interactions.  Secondly,  rCAS 
derivatives  may  provide  useful  biomolecular  materials,  serving 
as  vehicles  for  protein  "sites"  that  could  be  buried  or  exposed 
in  response  to  the  redox  state  of  the  solvent. 
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ABSTRACT 

Repetitious  gene  cassettes  that  encode  the  consensus  decapeptide  repeat  of 
tiycilus  edulis  bioadhesive  protein  were  cloned  and  expressed  in  Escherichia 
coli.  The  bioadhesive  precursor  (BP,  Mr-25,000)  was  expressed  from  one  600*bp 
gene  comprised  of  a  30-bp  unit  repeat.  The  repetitious  gene  appeared  stable 
in  a  T7 -based  host/vector  system. 

Using  the  T7  expression  system  for  induction,  BP  was  produced  at  levels 
approaching  60%  of  total  cell  protein.  BP  was  found  both  in  intracellular 
inclusionr  and  in  the  soluble  fraction.  Interestingly,  methionine  was 
processed  from  the  N- terminus  of  the  purified  protein  to  give  an  authentic 
consensus  precursor  protein. 


INTRODUCTION 

The  marine  mussel  HyCilus  edulis  anchors  itself  to  the  environment  by  means 
of  a  byssus,  which  is  composed  of  threads  that  extend  from  the  ventral  base 
of  its  foot  and  end  in  an  attachment  plaque  at  the  substrate  surface  (1J. 
Several  proteins  are  found  in  the  plaque  including  collagen,  catechol  oxidase 
and  a  bioadhesive  polyphenolic  protein  [2j.  Most  of  the  bioadhesive  protein 
is  comprised  of  about  75  repeats  of  the  decapeptide  sequence  Ala-Lys-Pro-Ser- 
Tyr-Hyp-Hyp-Thr-Dopa-Lys  [3],  To  obtain  the  adhesive  and  cohesive  properties 
of  bioadhesive  protein,  enzymatic  processing  of  tyrosine  to  dihydroxyphenyl • 
alanine  (dopa)  and  orthoquinone  is  essential  [4].  Its  impressive  properties 
as  a  water-compatible  adhesive  have  stimulated  interest  into  its  use  in  dental 
and  medical  applications,  a  coating  for  cell  attachment  to  tissue  culture 
surfaces  and  industrial  applications  such  as  coatings  and  underwater 
adhesives.  One  requirement  for  these  applications  is  an  economical,  large* 
scale  supply  of  bioadhesive  proteins,  A  recent  report  aiming  towards  this 
goal  was  the  isolation  of  a  partial  cDNA  clone  encoding  M.  edulis  bioadhesive 
protein  and  its  expression  in  yeast  to  give  a  BP  lacking  the  post- 
translational  hydroxylations  (5). 

In  this  work,  we  describe  a  different  approach  based  on  the  construction 
and  expression  at  high  yields  in  E.  coli  of  synthetic  genes  encoding  BP  that 
is  based  on  the  consensus  decapeptide  repeat  of  the  native  protein. 


MATERIALS  AND  METHODS 
Bacterial  Strains  and  Plasmids 

E.  coli  strain  AG1  was  used  for  the  construction  of  pET  derivatives.  The 
A(sri/?- recA)  306 :  :  Tn70  allele  was  transferred  into  BL21  (DE3J  (pLysS)  by  PI 
transduction  to  give  AS002. 


General  Methods 


DNA  manipulation,  transformation  of  E.  coli,  colony  hybridization, 
sequencing  and  protein  determination  were  all  done  using  standard  procedures 
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[6J.  Stability  of  polydecapept ide  glue  analog  genu  (gag)  cassettes  was 
assessed  by  restricting  the  purified  plasmid  (10  /ig)  with  Scyl  and 
eLc Jtrophoresis  on  5%  polyacrylamide  gels  to  size  the  population  or  gag 
cassettes.  Coupled  in  vicro  transcription- translation  reactions  were  done 
using  a  commercial  kit  (Amersham)  according  to  the  manuf.v'  *er‘r  directions. 


Construction  of  gag 

The  method  of  constructing  the  30-bp  repeat  unit  gag  cassette  was  disclosed 
previously  [7J.  Briefly,  internal  oligos: 

5'  *CCf\ACCTACAAAGCTAACCCCTCTTATCCG3  *  - 

V  -TTTCGATTCGCCAGAATAGGCCCTTCGATG-54 ; 
and  external  oligos: 

5 ' - CCAACCTACAAAGCCAAGGCTTCTTATCCG -  3  * 

3 ' - TTTCGGTTCCCAACAATAGCCGGTTGGATC -  5 '  ; 

Sty  I 

were  heated  and  allowed  to  anneal  to  form  short  duplex  DNA.  The  double- 
stranded  sequences  were  then  combined  in  a  20  to  1  molar  ratio  and  allowed  to 
anneal  by  further  cooling  to  form  long  duplex  DNA.  The  DNA  mixture  was 
ligated,  restricted  with  Styl,  and  fractionated  by  size-exclusion 
chromatography.  Fractions  containing  oligomers  >210  bp  were  pooled  for 
cloning. 

The  600-bp  gag  comprised  of  30-bp  repeat  units  was  moved  as  an  iVdel+BaraHI 
DNA  fragment  into  pET3a. 

The  125-bp  diversified  gag  cassette  was  constructed  by  mutually  primed 
extension  of  oligonucleotides 

5' -CAGTTGACCTACGTAATCCAGCCAAGGCCAGCTATCCCCCAACGTATAACGCTAAACCGAGTTACCCTCCCAC 
ATACAAACCAAAACCATC -  3 '  and 

5  *  - ctttcatgacctcaacctaccttggccttctaagtcggtccgtatgaggccttccctttatacgtaggcccat 

ACCATGCTTTTGCTTTG - 3 " 

using  T7  DNA  polymerase.  Tandem  125-bp  gag  cassettes  were  prepared  by 
digestion  with  Scyl,  recovering  the  vector  and  gag  cassette,  and  ligating  the 
gag  cassettes  to  r^rm  multimers. 


Expression  and  Detection  of  BP 

Induction  of  strains  containing  T7-based  expression  systems  was  as 
described  previously  [8]  .  Culture  samples  were  pelleted  by  centrifugation  and 
resuspended  in  0.1  volume  of  solution  A  [50  mM  TRIS  HCL,  2%  0-me rcaptoethanol , 
0.5%  cetyl  trimethyl  ammonium  bromide  (CTAB) ) .  Samples  were  freeze/thawed  and 
sonicated  prior  to  analysis.  For  fractionation  of  AS002(pAG9)  cells  to  detect 
the  presence  of  inclusion  bodies,  a  culture  was  pelleted  after  2  h  of 
induction  and  resuspended  in  0.1  volumes  of  solution  B  (40  mM  TRIS,  pH  8.0, 
50  mM  sodium  chloride,  1  mM  EDTa,  1%  /J-mercaptoe thanol ) .  Samples  were  then 
freeze/thawed  and  insoluble  material  pelleted.  After  suspending  the  pellet 
in  an  equal  volume  of  buffer,  the  equivalent  of  0.1  OD600  units  of  the  original 
culture  was  used  for  gel  analysis. 

Samples  were  analyzed  for  BP  content  on  a  gel  adapted  for  basic  proteins 
[9[.  The  protocol  was  modified  to  include  CTAB  in  the  buffer  at  a 
concentration  of  0,05%.  Riboflavin  was  used  for  gel  polymerization.  Samples 
were  loaded  after  adding  an  equal  volume  of  sample  buffer  (2X:  5  M  urea,  0.8 
M  acetic  acid,  2%  0-mercaptoethanol ,  1%  CTAB,  50  mM  Tris-HCl,  0.5  mg/ml  methyl 
green)  and  heating  to  50SC  for  4  min.  Cels  were  stained  with  fast  green  to 
detect  proteins  and  BP  was  quantitated  by  scanning  densitometry. 
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Purification  of  BF 


One  liter  shake- flask,  cultures  of  AS002(pAG9)  were  hai vested  and  resuspended 
in  O.i  volume  of  solution  A  followed  by  freeze/thawing  and  sonicution  to  give 
a  homogeneous  suspension.  Alternatively,  in  some  experiments  the  pellet  was 
suspended  in  solution  B  and  then  subjected  to  three  freeze- t  aw  cycles 
followed  by  three  cycles  of  sorication.  Both  procedures  give  good  yields. 
CTAB  was  add  d  to  0.5%  ^  f  or  lysates  of  solution  B  only)  followed  by  urea  to 
2.5  M  ana  acetic  acid  to  0.8  M.  The  solution  was  incubated  for  0.5  h  with 
occasional  mixing  to  extract  BP  and  then  centrifuged.  To  the  supernatant  was 
added  an  equal  volume  of  0.8  M  acetic  acid.  BP  was  purified  over  a  2.5x7  cm 
cellex-P  column.  Fractions  were  concentrated  and  dialyzed  against  0.3  M 
ammonium  acetate.  pH  u , 3 .  For  structural  studies,  BP  was  further  purified  by 
s ize -exclus ion  chromatography.  BP  was  quantitated  spent rophotometv ically  by 
tyrosine  content  at  276  nm  and  using  a  molar  absorbtivity  of  1400  M'1  cm'1. 

Physical  Analyses  of  BP 

The  N- terminal  amino  acid  sequence  of  BP  was  determined  by  sequential  Edrsan 
degradation  using  an  automated  protein  sequencer  <470;  Applied  Biosystems, 
F' ’-3 ter  City,  CA)  .  Amino  acid  composition  was  performed  by  the  post-column  o- 
phthaldialdehyde  method  [10J  except  for  phenlhiocarbamoy 1  der ivnt izat ion  of 
prol*ne,  which  war  normalized  with  respect  to  alanine. 


RESULTS  AND  DISCUSSION 
Desip.n  and  Cloning  of  gag 

The  decapeptide  consensus  repeat  from  the  Af.  cdulis  bioadhesive  protein  was 
used  as  a  basis  for  design  of  repetitious  genes  enabling  the  production  of  a 
polydecap^pt ide  analog  precursor  protein  [3],  Two  gene  cassettes  with  repeat 
unit  lengths  of  30-  and  120-hp  were  designed  in  order  to  compare  production 
levels  and  gene  stability.  The  30-bp  repeat  was  comprised  of  codons  optimized 
for  E.  coli  expression.  The  120-bp  repeat  represents  the  maximum  length  of 
unique  sequence  DNA  that  can  be  designed  without  the  introduction  of  nested 
repeat  sites.  It  was  necessary  to  incorporate  a  number  of  non-optimal  codons 
to  achieve  this  leveL  of  sequence  diversity.  Two  T7  expression  vectors 
carrying  6r~  bp  gene  cassettes.  pAC9  (30-bp  repeat)  and  pA.,16  (120-bp  repeat), 
were  chosen  for  detailed  expression  and  gene  stability  studies. 


Expression  of  BP 

Production  of  BP  was  examined  using  the  T7  expresrlon  system.  Initial  gel 
analysis  of  in  vicro  coupled  transcription- translation  reactions  containing 
pAGi  showed  a  unique  protein  band  compared  to  the  vector  control  that  was 
consistent  with  the  predicted  size.  In  vivo  strain  AS002(pAC9)  synthesized 
BP  at  the  highest  rates  and  ~  s  selected  for  further  analysis  (Fig.  1A,  lane 
1).  Fig.  IB  shr ws  the  time  course  of  accumulation  of  BP.  c*  air.  AS002(pAG9) 
accumulates  BP  to  levels  of  up  to  60%  of  total  ceil  protein.  Levels  of  up  to 
5%  of  total  cell  protein  have  been  reported  i  jr  expression  of  a  partial  cDNA 
clone  of  M.  edulis  BP  protein  in  yeast  (5J. 

Interestingly,  BP  accumulation  in  strain  AS002(pACl6)  was  similar  to  that 
observed  for  AS0Q2 (pAG9) .  This  result  indicates  that  the  less  -  than  -  op t ima 1 
codon  usage  in  the  diversified  gag  (pAC16)  did  not  lead  to  any  decrease  in  the 
yield  of  BP.  Since  the  promoter  and  Sh ine -and- Delgarno  sequence  are  identical 
on  both  plasmids,  the  level  of  gene  expiessicn  must  be  predominantly 
controlled  by  these  two  regulatory  regions. 
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Fig.  1.  Expression  of  BP.  A  Accumulation  of  BP  in  strain  AS002(pAG9)  (lane 
1),  2  h  following  induction.  Lam  2  is  purified  BP.  B  Time  course  of 
accumulation  of  BP  in  strain  AS002(pAC9). 


Purification  of  BP 


To  develop  an  appropriate  purification  procedure  for  BP,  induced  cultures 
of  AS002(pAG9‘  were  harvested,  lysed,  separated  into  soluble  and  insoluble 
fractions  an*  analyzed  for  the  distribution  of  BP.  The  majority  of  BP  was 
present  in  the  insoluble  fraction,  which  indicates  that  BP  forms  intracellular 
inclusions  (Fig.  2A,  lanes  3  and  4).  Howevei ,  about  33%  of  BP  war  present  in 
the  supernatant  (Fig.  2A,  lanes  5  and  6). 

Since  a  significant  proportion  of  BP  is  soluble  in  the  crude  lysate 
prepared  from  the  culture,  a  purification  strategy  based  on  selective 
extraction  of  BP  was  developed.  BP  is  solubilized  in  a  solution  containing 
2.3  M  urea,  0,8  M  acetic  acid  and  0.5  CTAB.  Separation  of  the  insoluble 
material  results  in  supernatant  that  is  up  to  90%  pure  with  respect  to  total 
protein  (Fig.  2B.  lane  3).  3P  can  be  further  purified  by  cat  Ion- exchange 
chromatography  to  give  93-93%  purity  (Fig.  2B,  lane  4).  Full-length  BP  was 
released  from  the  cellex-P  column  when  the  gradient  composition  reached  2.4 
M  urea,  0.6  M  potassium  acetate,  pH  5.0.  For  physical  characLerlzation,  BP 
was  further  purified  by  size -exclusion  chromatography  to  yield  full- length 
protein  of  greater  than  99%  purity  (Fig.  2B,  lane  5). 
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i  .• .  2  .  A  Cc  1 1 u  1  a r  d i s ;-os i  t  i on  o f  !> P .  Se  paration  o f  c rude  lysate  (1  .me s  1 
and  3 ^  prepared  f r<  •:::  Alw0?(pAG9)  into  insoluble  (lanes  3  ami  4)  and  soluble 
(lanes  5  ami  6)  fractions.  Lane  7  is  tin:  crude  lysate  of  AS002 (pET* 3n)  cells. 
B  Purification  of  BP.  Lane  t,  crude  lysate,  lane  2,  insoluble  material 
t ol lowing  El*  extraction,  lane  j,  extracted  BP;  lar.e  <■* ,  after  chromatography 
on  cellex'p;  lane  5,  after  P  -  J  gel  chromatography. 


[_h. :  r  t  o  r  i  z a  f  i  on  of  H P 


Purified  BP  v.is  shown  to  he*  authentic  by  amino  acid  composition  and 
sequencing  analyses.  The  experimentally  obtained  amino  acid  composition 
agrees  veil  with  the  predicted  composition  based  on  the-  polydeenpept ide  gene 
cassette.  Interestingly,  r.o  methionine  was  detected  which  suggested  the  NT • 
terminal  Met  was  removed  Sequent- i ng  of  BP  provided  further  evidence  for  Met 
process  i  ng.  Tin*  N-tenrir-.al  sequence  was  d  term.itied  tor  24  residues  into  the 
{•riiuui..  The  sequences  agreed  perfectly  starting  with  the  Ala  following  the 
’•!'•>  residue.  The  initial  sequencing  yield  based  on  amino  acid  analys;  j  was 
gsuattr  than  80%.  Therefore,  we  suggest  that  methionine  nminopept idase 
removes  the  methionine  from  BP  to  generate  a  protein  lacking  any  amino  acids 
r : n t.  1 1  y  found  in  t  he  consensus  decapept:  ide .  The  aggregat  ion  of  nascent 
3?  into  inclusions  does  not  seen  to  interfere  with  this  process. 


heret  ic  St  ibi 1  ity  of  gag  Cassettes 

It  is  well  established  that  repetitious  DMA  is  subject  to  considerable 
length  polymorphism  [  1 1  ;  .  The  tandem  DMA  of  repetitious  genes  cloned  in  £. 
rc-Ii  is  al so  subject  to  analogous  fluidity  that  is  manifested  as  deletion  of 
repeat  units  [12].  The  gag  cassettes  described  here  are  no  exception.  BP  was 
used  as  a  model  to  investigate  whether  this  problem  could  be  alleviated  by 
divers i  fy  i  ng  codon  usage  and  liras  increasing  the  unit  repeat  sir.e.  The 
rationale  for  *his  approach  is  the  empirical  observation  that  unique  DMA 
undergoes  dele; ion  events  relatively  infrequently  compared  to  repetitious  DMA. 

Surprisingly,  no  detectable  deletions  were  observed  for  the  AS002 (pKT3a) 
!.»•;, t  -  vector  pairs.  Tic  is  .  the  gagtiOO  .  ?  •  and  gag  (500  .  ]r:)  repeat  unit  cassettes 
shower!  similar  low  levels  of  deletion.-"  The  T7  host/vector  system  appears  to 
be  .i  promising  candidate  for  scale-up  experiments.  Since  gagfiOO  .  did  not 
..how  higher  deletion  levels,  codon  diver*;  if ication  is  of  little  value  in 
st.ibi  1  i  a  in.'  gag . 
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CONCLUSIONS 

The  T7  expression  system  is  extraordinarily  efficient  at  producing 
repetitive  proteins.  In  E.  coli,  we  demonstrated  that  a  bioadhesive  precursor 
expressed  from  a  highly  repetitive  gene  can  accumulate  at  levels  of  up  to  60% 
of  total  ceil  protein.  Similar  yields  were  achieved  when  BP  was  expressed 
from  a  diversified  cassette  using  less  *  than* opt imai  codons.  The  level  of  gene 
expression  must  therefore  be  predominantly  controlled  by  the  promoter  and/or 
Shine-and-Delgarno  sequence. 

BP  was  shown  to  be  present  in  the  insoluble  cell  fraction  as  well  as  in  he 
supernatant.  Purified  BP  was  shown  to  be  authentic  based  on  amino  acid 
analysis  and  protein  sequencing.  Interestingly,  the  N*- terminal  Met  was 
removed  from  the  purified  protein. 

The  repetitive  cassette  containing  a  30 -bp  repeat  was  shown  to  be  highly 
stable  in  a  pET-derived  vector  system.  The  T7  expression  system  therefore 
appears  to  he  a  good  choice  for  the  maintenance  and  over -express  ion  of  highly 
repetitive  genes. 
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ABSTRACT 

Two  different  biomimetic  strategies  were  utilized  in  the  formation  of  magnetite  fibers. 
The  first  strategy  utilized  natural  (Sphaerotilus  naians  sheaths)  or  synthetic  (hollow  fibers) 
matrices  for  magnetite  formation.  The  second  strategy  made  use  of  an  iron-hydroxide 
intermediate  that  was  subsequently  chemically  converted  to  magnetite  within  the  biomimetic 
matrix.  The  formation  of  magnetite  was  determined  by  both  visual  and  x-ray  diffraction  analysis. 
This  process  has  advantages  over  conventional  routes  because  of  the  expense  and  handling 
problems  associated  with  the  production  of  ceramic  whiskers  and  fibers.  The  magnetite  formed 
by  this  process  may  prove  to  have  unique  properties  due  to  its  unusual  fiber  structure. 

INTRODUCTION 

There  is  a  great  deal  of  interest  in  microwave  absorbing  materials.  Advanced  composites 
that  combine  the  properties  of  different  materials  are  needed  for  this  application.  A  composite 
that  incorporates  a  low  resistivity  ferrite  within  a  high  dielectric,  high  capacitance  material  is 
effective  at  microwave  absorption.  The  resistivity  of  magnetite  is  very  low.  4x10'  ohm-cm, 
compared  to  other  ferrites.  1 1 1  This  feature  is  detrimental  for  most  magnetic  applications  bui  is 
an  advantage  for  this  application.  Utilizing  fibers  within  the  dielectric  matrix  instead  of 
particulate  material  should  significantly  improve  the  performance  of  a  microwave  absorption 
device.  The  improvement  in  properties  is  achieved  because  the  probability  of  an  incoming  wave 
contacting  a  fiber  is  much  greater  than  contacting  a  particle.  The  more  random  the  configuration 
and  the  larger  the  fiber's  aspect  ratio,  the  greater  the  probability  becomes.  Therefore,  a  random 
configuration  of  high  aspect  ratio  magnetite  fibers  dispersed  in  a  suitable  dielectric  material 
should  produce  devices  that  can  be  utilized  in  many  microwave  applications.  Because  of  the 
expense  of  current  processing  routes  and  the  inherent  problems  associated  with  handling  whiskers 
a  synthetic  route  that  mimics  the  biological  production  of  magnetite  would  prove  to  be  extremely 
useful. 


A  biomimetic  process  mimics  the  biological  pathways  used  by  organisms  in  their 
production  of  materials.  Biomineralization  holds  the  potential  for  developing  advanced  material 
properties  in  ceramics  by  controlling  crystal  structure  and  the  orientation  of  crystal  growth. 
Oriented  crystal  growth  is  important  because  many  electrical  and  optical  properties  are  highly 
anisotropic.  We  have  tried  to  utilize  biomimetic  synthesis  techniques  to  produce  magnetite  fibers 
within  a  polymeric  matrix.  We  have  utilized  three  different  types  of  matrices  each  utilizing 
ferrous  hydroxide  as  a  precursor  to  magnetite. 

Microwave  Absorption 

The  microwave  region  of  the  electromagnetic  spectrum  spans  the  frequency  range  between 
300  MHz  and  300  GHz  (wavelengths  I  m  to  I  mm  ).  Electromagnetic  waves  consist  of  electric 
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and  magnetic  field  components.  |2|  The  interaction  of  these  waves  with  different  materials 
produces  varied  results.  These  interactions  can  be  utilized  in  designing  advanced  materials  with 
specialized  properties  for  a  variety  of  microwave  applications.  Microwave  heating  within  a 
material  is  the  result  of  an  interaction  between  the  electromagnetic  force  fields  and  the  molecular 
and  electronic  structure  of  the  material.  The  microwave  power  absorbed  which  leads  to  heating 
is  described  bv:  , 

Pa-  =  J  v  a  I  E I  2  dv 

where  F.  is  the  electric  field,  v  is  the  voltage  and  a  is  the  ionic  conductance  and  dipole  orientation 
losses  at  commercial  power  source  frequencies. 

Eddy  current  losses.  P,.  increase  in  ferrites  as  the  AC  frequency  of  exposure  increases. 
This  relationship  is  given  by: 

P,  =  (constant)  B„’  f  d' t  p 
where:  (constant)  =  geometry  dependent  factor 

Bm  =  maximum  induction  (gauss) 
f  =  frequency  (Hz) 

d  =  smallest  dimension  transverse  to  flux 
P  =  resistivity  |1| 

Microwaves  adhere  to  boundary  conditions.  Boundary  conditions  are  typically  interfaces 
within  a  ceramic  material.  Electric  fields  parallel  to  the  material  interface  arc  continuous  (figure 

1 )  and  a  partial  reflection  of  the  wave  modifies  the  power  flow  at  the  interface  The  absorbed 
power  is  proportional  to  the  dielectric  loss  factor  of  the  material  multiplied  by  the  square  of  Ihe 
electric  field  magnitude.  When  the  electric  field  is  perpendicular  to  the  material  interface,  (figure 

2)  (he  amount  of  absorbed  power  is  dependent  upon  the  difference  in  dielectric  constant  of  the 
two  media.  It  is  important  to  recognize  Ihe  sensitivity  of  the  electromagnetic  radiation  to  the 
polarization  of  the  incoming  wave.  (11 

At  microwave  frequencies,  polarization  in  ferroelectric  materials  typically  results  from 
ionic  and  electronic  contributions.  Space  charge  and  dipolar  polarizibility  will  not  have  an  effect. 
To  maintain  a  high  capacitance  at  these  frequencies  a  material  with  a  high  dielectric  constant  is 
needed.  High  dielectric  constant  materials  exhibit  resistivities  on  the  order  of  10i:-1015  ohm-cm. 
(3)  By  combining  a  low  resistivity,  microwave  absorbing  femte,  such  as  magnetite,  in  a  high 
dielectric  constant  material  with  a  high  capacitance,  a  composite  that  absorbs  microwave  energy 
can  be  produced. 


Figure  1  Electric  fields  parallel  to  the  material  interface. 
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Figure  2  Kleclrie  fields  perpendicular  to  the  material  interface. 
Biomineralization 

Hxpenmcntal  and  theoretical  work  during  the  last  decade  has  demonstrated  that  general 
principles  apply  to  most  biomineralization  systems.  Crystal  growth  can  be  controlled  by  utilizing 
polymer  matrices  or  vesicle  compartmentalli/ation. 

Biological  Magnetite  Formation 

Magnetite  can  be  formed  biologically  by  two  different  mechanisms:  (1)  single  magnetic 
domain  crystals  by  Aquaspirillum  magnerotacticum  and  (2)  heterogeneous  particles  by  iron 
reducing  bacteria. 

(1)  A  magnerotacticum  -  A  ferric  oxy-hydroxide  precursor  is  accumulated 
intracellularly  in  membrane  vesicles  in  an  amorphous  state.  14)  Ferrous  ions 
produced  by  the  bacterium  react  to  form  crystalline  magnetite. 

(2)  iron-reducing  bacteria  -  These  bacteria  reduce  ferric  ions  from  iron 
hydroxides  in  the  environment.  The  reduced  iron  (ferrous  iron)  is  exported  to 
the  outside  of  the  cell  where  it  reacts  with  the  ferric  oxy-hydroxides  to  form 
magnetite.  |5| 


MATERIALS  and  METHODS 


Magnetite  fibers  were  produced  using  two  different  biomimetic  strategies.  The  first 
strategy  makes  use  of  natural  ( Sphaerolilus  natans  sheaths)  or  synthetic  (hollow  fibers)  matrices 
for  fiber  formation.  The  second  strategy  makes  use  of  an  iron-hydroxide  intermediate  that  is 
chemically  converted  to  magnetite  within  the  biomimetic  matrix.  The  use  of  these  two  strategies 
allow  for  versatile  processing  of  a  wide  range  of  magnetite/fiber  composites. 
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Strategy  #\ 

Sphaerotilus  natans  sheath  formation 

Sphaerotilus  nutans  is  one  of  several  species  of  bacteria  that  form  an  extracellular  sheath 
that  the  bacteria  grow  in.  The  sheath  is  composed  of  protein  polysaccandes  and  lipids  that 
resemble  a  pipe  in  geometry  The  dimensions  are  approximately  I  pm  in  diameter  by  50  pm  in 
length.  Wall  thickness  is  on  the  order  of  0.1  pm. 

Sphaerotilus  natans  ATCC  15291  was  grown  in  a  standing  culture  on  complex  media  (g/l: 
peptone  5,  yeast  extract  I,  glycerol  10.  pH  7.0)  and  was  allowed  to  form  a  surface  film.  The 
S.  natans  film  (sheath  complex)  was  washed  twice  with  0.9%  NaO  and  subsequently  used  for 
magnetite  formation. 

Synthetic  hollow  fiber  infiltration 

This  method  involves  the  infiltration  of  synthetic  hollow  fibers  and  subsequent  chemical 
conversion  to  magnetite.  Two  different  microtubular  fibers  were  used  as  our  polymeric  matrices. 
The  fiber  in  figures  5  and  4  is  a  porous,  ultrafiltration  fiber  used  in  biological  separation  and  has 
an  inside  diameter  of  approximately  100  pm.  The  fibers  in  figures  5  and  6  are  non-porous  carpet 
fibers  with  an  inside  diameter  of  approximately  10  pm. 


Figure  3  Optical  micrograph  of  the  porous  wall  structure  of  an  ultrafiltration  fiber. 


Figure  4  Optical  micrograph  revealing  the  cross  section  of  an  ultrafiltration  fiber. 


Figure  5  Optical  micrograph  of  a  non-porous  carpet  fiber. 


figure  6  Scanning  electron  micrograph  revealing  the  cross  section  of  carpet  fibers. 


The  infiltration  of  the  porous,  ultrafiltration  fibers  in  figures  $  and  4  was  accomplished 
by  pumping  the  desired  solution  through  the  inside  channels  of  the  fibers.  The  non-porous. 
carpet  fibers  in  figures  5  and  6  were  infiltrated  by  capillary  action.  This  was  achieved  by 
inserting  a  fiber  bundle  into  the  desired  solution.  In  the  case  where  the  infiltrating  solution  wets 
the  fiber  channels,  it  will  be  drawn  up  by  capillary  action.  The  equation  for  capillarity  is  : 

2  U  r  y  cos  e  =  II  r  h  p  g 

where:  r  =  radius  of  capillary 

y  =  surface  tension 
e  =  contact  angle 
h  =  height  of  solution  in  capillary 
p  =  solution  density 
g  =  acceleration  due  to  gravity 


Magnetite  Formation 


A  modification  of  Krones  |6|  chemical  procedure  for  magnetite  formation  was  used  on 
all  polymeric  matrices.  Magnetite  can  be  chemically  synthesized  by  reacting  an  aqueous  solution 
of  ferrous  sulfate  with  sodium  hydroxide  or  ammonium  hydroxide  producing  ferrous  hydroxide. 
The  ferrous  hydroxide  that  is  formed  is  a  whitish-grey  fine  precipitate.  Ferrous  hydroxide  can 
be  oxidized  to  magnetite  with  sodium  nitrate  at  70-90  °C.  The  magnetite  produced  is  a  black 
powder.  Sodium  nitrate  is  used  because  its  oxidizing  potential  is  insufficient  to  form  haemetite 
from  ferrous  hydroxide.  The  procedure  for  magnetite  formation  is  as  follows: 


FeSO„  +  2NaOH  -  Fe(OH),  +  Na,S04 

N.NO, 

3Fe(OH)j  +  'AO,  -  FeA  +  3H20 


Sphaerotilus  nutans 

Ferrous  sulfate  (0.01  -  1  .0%)  was  dissolved  in  distilled  water  deoxygenated  with  bubbling 
argon  at  room  temperature.  S.  natans  sheaths  were  added  to  the  ferrous  sulfate  solutions  and 
incubated  at  room  temperature  for  1  hour.  Ferrous  hydroxide  was  then  formed  by  the  addition 
of  ammonium  hydroxide.  Sodium  nitrate  (0.1  -  1.0%)  was  then  added,  the  reaction  mixture 
sealed,  and  incubated  at  70  °C  for  2  hours  to  induce  magnetite  formation. 


Synthetic  hollow  fibers 

Ferrous  sulfate  was  dissolved  in  distilled  water  deoxygenated  with  bubbling  argon  at 
room  temperature.  The  fibers  were  infiltrated  with  the  ferrous  sulfate  solution  by  the  methods 
described  above.  Ferrous  hydroxide  was  formed  by  placing  the  fiber  bundle  in  a  solution  of 
ammonium  hydroxide.  The  fibers  were  removed  and  placed  in  a  solution  of  sodium  nitrate,  the 
reaction  mixture  sealed,  and  incubated  at  70  °C  for  2  hours  to  induce  magnetite  formation. 


RESULTS  and  DISCUSSION 


S.  natans  Iron/Sheath  Composite 

Utilization  of  S.  natans  sheath  complex  for  magnetite  formation  yielded  composites  that 
were  macroscopically  dark  brown.  Microscopic  examination  reveals  that  the  color  formation  is 
due  to  uniform  coating  of  the  sheaths  and  not  due  to  particulate  formation.  Untreated  sheaths 
are  white.  The  untreated  sheath  complex  (figure  7a)  resembles  the  treated  sheath  complex  (figure 
7b)  in  respect  to  uniformity  of  diameter  and  composition.  Work,  currently  in  progress,  is 
directed  at  the  generation  of  sufficient  material  necessary  for  x-ray  diffraction  and  crystal 
morphology  data  that  will  be  published  in  a  complete  characterization  study. 


figure  7  Optical  micrograph  of  untreated  sheath  complex  (at  and 
treated  sheath  complex  th). 

Synthetic  Iron  fiber  (  oiuposites 

lire  uldi/alion  ol  sxnthctic  hbeis  tor  inaetiUMv.'  formation  welded  comj»osites  that  were 
m.n 'oscopicallx  dark  brown  laureated  timers  were  white.  Microscopic  ol  the 

ywithetie  fibers  reveals  that  the  volor  toritulion  is  due  to  j  .mitorm  woatuii:  ot  the  sheaths  and 
not  to  pa iiu.  .dale  formation.  (  lose  examination  of  the  cross  section  ot  the  larger  diameter  fibers 
show s  thai  the  voneemralion  ot  magnetite  or  dark  eolor  is  highest  on  the  inside  wall  but  is  present 
diroughou?  the  tibei  wall.  !  igure  *  is  an  \  ray  dit fraction  analysis  pattern  of 'the  larger  synthetic 
f-bets  vompjrcd  with  magnetite  powder  prtxhiced  b\  the  same  methixl  without  a  fiber  matrix 
I  he  two  patients  haw  identical  peaks.  lhe  x  rax  patterns  clearlv  show  peaks  tor  U\(>..  Na  M ) 
anti  \U\(),  Wash  in*:  removes  the  Na  SO  and  NM.NO,  leaving  (leaks  of  magnetm*  and 
leOOH  i  figure  v>;.  lhe  ferric  oxx  hydroxide  formed  trout  tnirvactcd  tfrrr/l.>  hydroxide. 

Work,  l  nr renllv  in  progress  »s  d«»ccfcd  at  opt imt/mg  the  conversion  ot  fcOOII  to  I  e  O 
and  producing  I  quantities  ot  the  smaller  magnetite  fiber  composite  material  lor  \  rax 
vl.iiravtion  analxsis.  lhe  results  w.l!  be  published  with  the  \  rut. in s  iron  sheath  composite 
ch.ir.K  ten/ution  data. 


Hkii re  X  \-ra >  diffraction  patterns  of  magnetite  funned  within  the  nit rafi It  ration  fiber 
(Top  pattern)  and  magnetite  powder  formed  without  a  filler  matrix.  (Hotlmu  pattern) 
Patterns  were  produced  h>  a  Vax  3 1 00  computer  driven  Phillips  \PI>  1700  vrjn 
diffraction  system  using  (  n  radiation  and  graphite  nioimchmmation. 
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Figure  9  X-ray  diffraction  pattern  of  washed  sample  revealing  magnetite  and  ferric 
oxy-hydroxide  peaks.  Patterns  were  produced  by  a  Vax  3100  computer  driven  Phillips 
APD  1700  x-ray  diffraction  system  using  Cu  radiation  and  graphite  monochromation. 


CONCLUSIONS 

Our  preliminary  study  of  the  formation  of  magnetite  fibers  successfully  produced  three 
different  size  composite  materials  by  utilizing  two  different  biomimetic  strategies.  The  first 
strategy  utilized  natural  ( Sphaerotilus  natans  sheaths)  or  synthetic  (hollow  fibers)  matrices  for 
magnetite  formation.  The  second  strategy  made  use  of  an  iron -hydroxide  intermediate  that  was 
subsequently  converted  to  magnetite  within  a  biomimetic  matrix.  Microscopic  examination  of  the 
fibers  revealed  a  dark  brown  uniform  coating  with  no  macroscopic  particulate  formation.  The 
magnetite  structure  formed  on  the  porous  ultrafiltration  fibers  was  confirmed  by  x-ray  diffraction 
analysis.  Future  work  will  confirm  the  visual  analysis  of  the  two  smaller  fiber  composite 
materials  and  optimize  the  conversion  of  FeOOH  to  magnetite. 
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ABSTRACT 

Angular-resolved  ESCA  was  used  to  study  single  cadmium  arachidate  monolayers 
transferred  to  Si  ( 100)  wafers  by  the  Langmuir-BIodgett  technique.  We  find  the  monolayers  to 
be  of  high  integrity  with  respect  to  those  defects  which  enhance  the  escape  probability  of 
substrate  photoelectrons  through  the  overlayer.  The  inelastic  mean-free  pathlengths  of  Si  (2p) 
and  C  (Is)  electrons  were  calculated  to  be  49±6  A  and  45±6  A  for  the  kinetic  energies  of 
1388  eV  and  1202  eV.  respectively.  The  overall  ordering  of  the  hydrocarbon  chains  is  less 
than  for  alkane  thiols  assembled  on  noble  metals  We  find  that  the  precision  of  the  Tyler 
algorithm  to  deconvolute  angular-resolved  ESCA  data  into  depth  profiles  is  accurate  within 
10%  for  predicting  the  thickness  of  the  hydrocarbon  overlayer  but  less  precise  for  intermediate 
layers 

INTRODUCTION 

Whereas  diverse  surface  analytical  techniques,  including  x-ray  diffraction,  low  energy 
electron  diffraction  (LEED),  and  near-edge  x-ray  adsorption  fine  structure  technique 
(NEXAES),  probe  the  orientation  and  packing  of  surface  adsorbates,  additional  information 
regarding  the  integrity  of  the  surface  film  is  often  crucial  especially  for  technical  applications. 
Angular-resolved  electron  spectroscopy  for  chemical  analysis  (ESCA)  has  proven  to  be 
powerful  in  yielding  such  information.  The  attenuation  of  the  characteristic  photoelectrons 
exhibits  a  significant  dependency  on  the  take-off  angle  and  thereby  provides  quantitative  depth 
information  on  the  outer  surface  region  as  well  as  information  on  its  integrity. 

Angular-resolved  ESCA  data  will  be  presented  on  single  cadmium  arachidate  (CdC20) 
monolayers  transferred  to  the  native  oxide  surface  of  Sif  100)  wafers  with  the  following  goals: 
(a)  to  establish  how  the  inelastic  mean-free  pathlengih  and  integrity  of  this  LB-film  compares  to 
thiol  self-assemblies  on  noble  metals  (1],  and  (b)  to  determine  the  accuracy  of  the  Tyler 
algorithm  |2|,  which  deconvolutes  angular-dependent  ESCA  data  into  depth  profiles,  by 
applying  it  to  molecular-scale  organic  overlayers.  This  is  currently  one  of  the  few  algorithms 
that  does  not  require  a  priori  information  regarding  the  depth  composition;  however,  it  is 
necessarily  based  on  simplifying  assumptions. 

THEORY 


The  normalized  intensity  of  the  photoelectron  flux  from  a  given  orbital,  i,  of  an  element,  j, 
is  approximated  as  1 1 ) 


/oo 

nj(x)  exp(-x  /  X,j  cos9 )  dx 


0) 


where  l,j  is  the  normalized  signal  intensity  which  is  the  absolute  signal  intensity  corrected  for 
differences  in  photoelectron  cross-section,  transmission  function  and  sampling  depth;  nj(x)  is 
the  concentration  depth  profile;  XtJ  is  the  inelastic  mean- free  pathlength;  x  is  the  depth  from  the 
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surface;  0  is  ihe  i  de-off  angle  defined  between  the  surface  normal  and  the  photoelectron 
trajectory;  and  A  includes  instrumental  calibration  factors.  This  is  the  fundamental  equation  that 
has  been  used  for  our  data  analysis  as  well  as  by  Tyler  for  deriving  the  algorithm.  The 
underlying  assumptions  are  (31  that  (a)  the  photoelectron  attenuation  follows  a  single 
exponential  decay  which  implies  that  elastic  scattering  1 4.5 )  is  negligible,  and  hence  the 
attenuation  length  equals  the  inelastic  mean-free  pathlength  (IMFP:  the  average  distance 
travelled  by  an  electron  between  successive  inelastic  collisions),  (b)  the  IMFP  is  a  function  of 
kinetic  energy  and  independent  of  the  take-off  angle,  (c)  the  IMFP  for  a  given  element  is 
constant  within  the  sampled  depth,  (d)  the  effects  of  surface  roughness  are  negligible,  and  (e) 
X-ray  diffraction  is  negligible. 

EXPERIMENTAL 

LB-ftlm  Preparation .  Monolayers  were  prepared  by  spreading  a  solution  of  arachidic 
acid.  CifyfCHjjigCOOH,  (2  mM,  Larodan  Fine  Chemicals,  99+%)  dissolved  in  chloroform 
(Aldrich.  99  9%  HPLC  grade)  on  an  aqueous  subphase  of  ultrapure  water  (Bamstead,  18  MC2- 
em,  organic  content  <10  ppt.  pH  5.6)  containing  cadmium  chloride  (5  mM,  Aldrich, 
99.99+%)  The  monolayers  were  prepared  in  a  small,  vibrationally  dampened  Langmuir  trough 
interfaced  with  a  Mac  I  let  computer  and  Labview  II  software  for  completely  automated 
feedback  control.  Surface  pressure  was  measured  as  a  function  of  surface  area  using  a 
standard  Wilhelmy  plate  A  single  monolayer  was  transferred  by  compressing  the  cadmium 
arachidate  film  between  two  movable  barriers  to  a  surface  pressure  of  20  mN/m.  The 
hydrophilic  silicon  wafer  with  its  native  oxide  layer  (100,  Prime  Grade  from  Silicon  Quest) 
was  withdrawn  through  the  monolayer-covered  air/water  interface  at  a  constant  rate  of  10 
mm/min  Transfer  ratios,  calculated  as  the  ratio  of  the  change  in  surface  area  of  the  monolayer 
to  the  surface  area  of  the  substrate,  were  approximately  one.  The  wafers  were  previously 
cleaned  by  soaking  in  Nochromix  cleaning  solution,  rinsing  with  ultrapure  water,  soaking  in 
sodium  hydroxide  (-0.05  N),  and  rinsing  repeatedly  with  ultrapure  water, 

ESCA  Analysis.  Monolayer  films  were  analyzed  in  a  Surface  Science  Instruments 
Spectrometer  (Model  SSX-100)  with  a  monochromatized  AlKa  x-ray  source  (1486.6  eV), 
and  a  spot  diameter  of  1000  pm.  Photoelectrons  were  collected  using  a  pass  energy  of  150  eV 
and  a  12°  collection  aperture.  Absolute  and  normalized  signal  intensities,  as  well  as  relative 
compositions,  were  calculated  from  standard  SSX-100  software. 

Cadmium  arachidate  monolayers  were  analyzed  based  on  the  peak  areas  from  the  C(ls), 
O(ls),  Si(2p)  and  Cd(3d)  core  level  electrons  obtained  at  five  take-off  angles  relative  to  the 
surface  normal:  80°,  68°,  55°,  39°,  and  10°.  The  number  of  scans  for  each  element  was 
varied  ai  each  angle  to  obtain  an  adequate  signal  to  noise  ratio;  thus,  more  detection  time  was 
spent  at  larger  take-off  angles  Total  analysis  time  for  one  sample  was  approximately  3  hours. 
The  transmission  function  of  the  instrument  was  assumed  to  be  constant  over  the  time  period  of 
analysis.  Initial  and  final  survey  spectra  showed  only  small  differences  in  the  atomic 
percentages;  we  therefore  conclude  that  any  x-ray  induced  damage  to  the  monolayers  is 
negligible. 

RESULTS 

Angular-resolved  ESCA  data  arc  p.esented  in  Fig.  1  for  five  samples  of  a  cadmium 
arachidate  (CdC20)  monolayer  transferred  to  Sif  100).  The  atomic  percentage  is  given  at  Five 
take-off  angles  for  the  elements  Si  (2p),  C(  1  s),  O(Is)  and  Cd(3d),  with  the  kinetic  energies  of 
1388  eV.  1202  eV,  955  eV,  and  1082  eV,  respectively  At  the  near-normal  take-off  angle  of 
10°  the  signal  shows  contributions  f'om  both  the  silicon  substrate  and  the  carbon  overlayer.  At 


the  glancing  take-off  angle  of  80°  the  signal  is  dominated  by  carbon  from  the  organic 
overlayer 


Figure  I.  Relative 
elemental  composition  of 
CdC20  l.D-itionolavers  on 
native  oside  silicon  (100) 
substrates  as  a  function  of 
the  take  off  angle,  llrror 
bars  represent  the  variance 
from  sis  spectra  taken  from 
five  different  samples. 


no  6X  5  5  39  in 

Take-off  Angle 

I  he  error  bars  represent  the  variance  in  elemental  composition  between  sis  spectra  taken 
from  t is e  samples  f  our  ot  the  samples  were  prepared  on  the  same  day  from  different 
monolayers  but  were  ar.aiy/cd  on  consecutive  day  s  Two  spectra  were  taken  from  one  sample 
at  two  separate  locations  on  the  sample  with  one  week's  time  between  analyses.  No  spectra 
were  discarded  due  to  low  quality.  The  small  variance  between  spectra  is  an  indication  of  the 
stability  and  high  degree  of  integrity  of  the  films  and  the  reproducibility  Ire  tween  samples 
prepared  and  an.tly  red  on  different  day  \ 

DMA  ANALYSIS  AND  DISCI  SSION 

IbeklMb  Mean- Free  I’.nhlengih 

I  wo  conceptually  different  approaches  have  been  taken  in  the  past  to  assess  the  inelastic 
mean  tree  p.ttlilength.  /.  through  organic  oved avers:  varying  the  overlay er  thickness  while 
maintaining  a  lived  take-off  angle,  a. id  sue  versa.  Variation  of  the  take-off  angle  is 
advantageous  since  the  determination  of  the  k  values  does  not  depend  on  the  use  of  reference 
samples 

Hie  inelastic  mean  free  pathlcngth  for  carbon  (C(ls).  1 202  eV  >  is  obtained  hv  integrating 
lq  1 1  loser  the  :',.ckness.  due.  I  the  hydrocarbon  layer  of  the  (\l(  20-monolayer 

!(•(")=  A  n  cos”  1 1  -  esp( -d  / /a' cos  i ) j  (2) 

I  he  tilt  angle  of  the  hydrocarbon  chains  for  cadmium  arachidate  on  Sit !  11)  is  close  to  the 
surface  nr'inal  (h.7|  which  gives  a  tf  1  ness  of  the  hydrocarbon  moiety  of  due  =  25  A.  A  fit 
lo  1  q  i2>  using  the  .  arhrw  intensities  at  each  of  the  five  take-off  angles  gives  an  average  value 
ot  -  45  ±  t>  A 

The  inelastic  mean  tree  p.uhleegth  o!  S'i(2p)  electrons  ( I JKK  cV)  from  the  substrate  may  be 
obtained  by  imegi.iimg  Lq  1 1 1  from  d  lo  <*>, 


lie 


!Si(8)=  A  n  cos9  exp(-d /Xsi cos9)  (3) 

where  d  is  the  thickness  of  the  LB-filnt.  This  assumes  that  the  Si  density  of  the  substrate  is 
constant  over  the  sampled  thickness.  Equation  (3)  is  easily  rearranged  into  the  linear  format  of 
ln(ls,(0  J/coso .)  -  ln(A  n)  =  (-d/  Xs,)*(  l/cos8)  such  that  a  plot  of  lnds,(0 )/cos0 >  vs.  ( l/cos8) 
yields  Xs,  from  the  slope.  Figure  2  displa;  s  the  experimental  results  for  the  six  individual  LB- 
monolayer  samples  (lower  six  data  sets).  As  reference  for  a  homogeneous  overlayer  system 
we  have  included  the  signal  intensity  of  elemental  Si  (99  eV)  through  an  uncovered  native 
oxide  film  (upper  data  set).  Each  data  set  nas  been  fit  by  a  linear  least  squares  analysis  of  the 
first  four  take-off  angles.  A  deviation  at  the  glancing  take-off  angle  of  80°  is  observed  for  both 
the  LB  monolayer  and  the  native  oxide  film;  however,  this  is  not  unexpected  since  the  impact 
of  surface  roughness  is  strongly  enhanced  at  shallow  take-off  angles.  The  fact  that  all  four  of 
the  other  take-off  angles  can  be  fit  well  with  a  straight  line  suggests  that  Xs,  through  the  LB 
monolayer  is  independent  of  8  (except  at  glancing  angle)  which  is  indicative  of  monolayers 
with  high  integrity.  With  regard  to  the  existence  of  monolayer  defects,  ESCA  is  only  sensitive 
to  those  which  will  enhance  the  escape  probability  of  photoelecirons  from  the  substrate  through 
the  overlayer  An  average  Xg,  value  has  been  calculated  from  the  data  using  a  literature  value 
for  the  layer  thickness  of  cadmium  aracnidate  of  dcdC2<)  =  26.8  A  |8|. 


Figure  2.  Analysis  of  ihe 
silicon  inelastic  mean-free 
pathlength.  Straight  lines 
represent  least  squares  fits 
through  all  take-off  angles 
except  glancing  angle.  Data  are 
offset  vertically  to  avoid 
overlap.  Six  LB  monolayer 
samples  are  presented  (solid 
lines)  along  with  an  uncovered 
native  silicon  oxide  layer 
(dashed  line).  Samples  five  and 
six  were  analyzed  from  the 
same  monolayer  at  two  different 
spots  with  one  week's  time 
between  analyses. 


1  2  3  4  5  6 

1  /  COS0 

Table  1  summarizes  our  experimental  X-values  in  comparison  to  values  calculated  from 
empirical  expressions:  (a)  The  IMFP  is  shown  to  increase  with  the  kinetic  energy.  E,  of  the 
electrons  according  to  X  =  B  E1*'2,  where  the  proportionality  factor  B  can  either  be  calculated  on 
the  basis  of  the  material  density.  Bo.  or  can  be  approximated  by  the  empirical  values  Bg  = 
0.087.  0.096,  and  0.054.  for  organics,  inorganics  and  gold,  respectively  |9|.  Note  that  the 
assumption  made  in  Eq.  (I)  of  constant  Xsi  throughout  the  sampling  depth  is  approximately 
valid  for  organics  on  Si  but  not  for  organics  on  gold,  (b)  A  second  expression  was  derived  by 
Laihinis,  et  al.  |1 1,  Xsa  -  9  0  +  0.022*E.  as  a  best  fit  to  their  experimental  data  of  self- 
assembled  alkane  thiol  monolayers  on  Ag,  Au,  and  Cu.  Our  experimental  X-v’ues  derived  for 
C(  Is)  and  Ship)  electrons  from  a  CdC20-mono!ayer  on  SiO  are  larger  than  those  of  Laibinis, 
et  al.  for  'hiol  self-assemblies,  Xsa.  as  well  as  those  derived  for  amorphous  organics,  Xg  [9j. 
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However,  our  results  agree,  within  experimental  error,  to  the  X  values  calculated  on  the  basis 
of  the  monolayer  density.  X[> 


Table  1.  Inelastic  Mean-Tree  Pathlengths 


. calculated 


element 

FteV) 

d  (A) 

Acxp  (A) 

Xp  (Af* 

Xs,\  (Aih 

Xn  (A)c 

Si (2pi 

13XX 

26.8 

49±6 

32 

40 

42 

Ctlst 

1202 

25 

45+6 

30 

35 

39 

(a)  X|  =  Bf*F  If2  where  Bp  =  0.0X7  for  organics,  X|  (nm).  Seah  and  Dench  |9|. 

(hi  Xsa  -  9  0  +  0  022*1:.  Xs,\  (A).  l.atbinis  et  al.  1 1 ). 

(c)  X[s  -  0.1 1*!:1'*,  Xn  (mg/m\  Seah  and  Dench  |9]  To  convert  to  A.  divide  X[>  by  the 
material  density  in  g/ctn-V  Tor  calculations  of  the  monolayer  density  we  have  used  a 
headgroup  packing  of  19  X  A -/molecule,  a  chain  extension  of  24  A  and  assumed  that  the 
electron  density  in  the  headgroup  region  is  the  same  as  for  the  tails 

We  therefore  conclude  that  the  packing  density  of  CdC20-trtonolayers  on  SiO  is  less  than 
•hat  obtained  for  alkane  thiol  monolayers  on  noble  metals.  If  we  make  the  assumption  that  the 
equation  X[)  =  By  F.1''-  holds  true,  the  average  packing  density  of  alkane  thiols  on  noble  metals 
would  be  5- 1 (IT  higher  than  the  I.B-packing  density.  The  data  analysis  of  the  St(2p)  electrons 
has  demonstrated  that  the  reduced  density  cannot  be  due  to  monolayer  imperfections;  this 
implies  that  the  hydrocarbon  chains  have  to  be  on  average  less  densely  packed  in  the  case  of 
CdC20-monolaycrs  on  SiO.  Further  conclusions  aboul  Ihe  microstructure  of  the  film  cannot  be 
drawn  from  this  experiment  Our  interpretation  is  supported  by  NEXAFS  studies  which  also 
indicate  that  chain  ordering  for  CdC20-monolayers  on  SiO  is  less  than  for  alkane  thiols  on  gold 
|7],  Our  experimental  values  are  also  in  agreement  with  those  obtained  from  ESCA  studies  of 
related  LB  systems:  barium  stearate  LB-tnonolayers  on  Ge  and  Ou  |I0|  and  multilayers  of 
cadmium  stearate  on  gold  111], 

Depth  Profile  Analysis 

f  or  the  surface  analysis  of  substrates  w  ith  an  unknown  chemical  composition,  algorithms 
have  been  derived  to  deconvolve  angular-resolved  ESC A  data  into  depth  profiles.  The  intent 
here  is  to  use  a  well  defined  overlayer  model  system  to  test  the  quality  and  resolution  of  an 
algorithm  that  does  not  require  any  initial  information  aboul  the  relative  depth  composition,  as 
proposed  by  Tyler  |2|  The  Tvler  algorithm  Is  derived  from  Fq.  (1)  and  hence  based  on  the 
same  set  of  assumptions. 

The  composition  depth  profile  generated  by  the  Tyler  algorithm  by  deconvolving  the 
normalized  photoelectron  intensities  at  each  of  the  five  take-off  angles  for  the  elements 
Sill  388  eV ).  C  (1202  eV),  O  (955  eV)  and  Cd  ( 10X2  eV)  from  a  CdC2()-monolayer  on  silicon 
oxide  (Sample  6)  is  displayed  in  Fig.  3  The  algorithm  requires  the  input  of  inelastic  mean-free 
pathlength  values.  For  the  profile  displayed  they  have  been  calculated  from  the  expression 
derived  hv  Seah  and  Dench  [9|  on  the  basis  of  the  monolayer  density,  Xq  =  0. 1 1*E'^  :  42  A 
( 1 3XS  eV).  39  A  <12()2eV),  37  A  ( 1082  eV).  and  35  A  (955  cV) 


The  depth  profile  generated  for  CdC2()  on  silicon  oxide  by  the  Tyler  algorithm  predicts  (a) 
a  carbon  overlaver  of  approximately  23  A.  (b)  an  interfacial  region  containing  Cd  and  O.  and 
to  a  silicon  substrate  underlayer.  Cadmium  is  associated  with  the  carboxyl  head  groups 
Oxygen  contributions  arise  from  the  head  group  region  and  the  oxidized  silicon  surface.  The 
profile  compares  within  KKf  accuracy  to  the  expected  thickness  of  25  A  for  the  hydrocarbon 


t?0 


moiety.  The  sensitivity  of  the  predicted  carbon  overlayer  thickness  to  properly  chosen  X  values 
is  as  follows,  by  decreasing  the  X  values  by  2()'7(  the  algorithm  would  predict  a  5  A  thinner 
overlaver.  The  good  agreement  between  the  thickness  of  the  actual  model  system  and  the 
algorithm-based  predictions  indicate  that  the  assumptions  made  to  derive  Eq  ( I )  are  reasonable 
for  describing  CdC20-monolayers  on  silicon. 


Figure  3.  Elemental 
depth  profile  of  the  top 
80  A  of  a  CdC2()  LB 
monolayer  (Sample  6)  on 
a  native  oxide  Si  (100) 
substrate  as  generated  by 
the  Tyler  algorithm  based 
on  the  following  X  values: 
42  A  (1388  eV),  39  A 
(1202  eV),  37  A  (10X2 
eV ),  and  35  A  (955  eV ). 


Depth  (A) 

Finally,  it  should  be  noted  that  the  potential  of  the  algorithm  for  predicting  compositions  al 
intermediate  depths  is  less  accurate.  Applying  the  algorithm  to  angular-resolved  ESCA  data 
from  our  uncovered  native  silicon  substrate  results  in  an  oxide  layer  of  approximately  1 8  A.  in 
the  presence  of  the  monolayer  the  algorithm  predicts  a  thickness  of  the  underlying  oxide  layer 
of  more  than  80  A  We  conclude  that  the  accuracy  of  the  algorithm  in  reconstructing 
intermediate  depth  profiles  is  less  since  the  intermediate  layers  do  not  lie  within  the  sampling 
depth  of  all  the  take-off  angles.  Further  discussion  is  given  elsewhere  1 12|. 

CONCLUSIONS 

We  have  shown  that  monolayers  of  CdC20  on  silicon  oxide  form  films  of  high  integrity, 
as  probed  by  angular-resolved  ESCA  analysis.  The  average  packing  density  of  the 
hydrocarbon  chains,  however,  is  less  than  for  alkane  thiols  self-assembled  on  noble  metals  [  I  ]. 
We  further  find  that  the  depth  profile  of  the  hydrocarbon  overlayer  is  predicted  by  the  Tyler 
algorithm  within  an  error  of  10%.  However,  the  algorithm  is  less  accurate  for  predicting 
intermediate  layer  compositions. 
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ABSTRACT 

DNA  is  a  tractable  medium  for  controlling  the  structure  of  matter  on  the  nanometer 
scale.  We  have  explored  ligating  together  stable  branched  DNA  molecules  to  form 
geometrical  objects.  By  this  means,  we  have  assembled  a  3-connected  molecule  whose  helix 
axes  have  the  connectivity  of  a  cube.  The  construct  is  a  hexacatenane,  each  of  whose  cyclic 
strands  corresponds  to  a  face  of  the  object.  Each  of  its  twelve  edges  contains  a  unique 
recognition  site  for  cleavage  by  a  restriction  enzyme;  these  sites  are  used  to  demonst~jrc  the 
assembly  of  the  object.  The  plectonemic  structure  of  DNA  also  permits  the  directed 
synthesis  of  molecular  knots.  Recently,  we  have  constructed  trefoil  knots  from  B-DNA  and 
an  amphichiral  figure-8  knot  whose  helical  domains  contain  both  B-DNA  and  Z-DNA. 

We  have  developed  a  solid-support  methodology  .'or  the  synthesis  of  geometrical 
objects.  This  approach  provides  greater  control  over  products  and  topological  purity,  and 
lends  itself  better  to  automation.  Branched  molecules  containing  3-6  double  helical  arms  can 
be  formed  from  equimolar  mixtures  jf  their  component  strands,  thereby  enabling  the 
construction  of  3-6  connected  networks.  The  goals  of  this  work  include  the  construction  of 
periodic  multiply-connected  networks  of  DNA.  The  aims  of  these  DNA  constructions 
include  using  them  as  scaffolding  to  build  periodic  macromolecular  arrays  for  diffraction 
purposes,  as  well  as  directing  the  assembly  of  molecular  electronic  devices.  There  are  well- 
characterized  molecular  transformations  of  DNA  that  make  nano-scale  machines  feasible  to 
h'liid  in  this  molecular  context.  These  materials  are  likely  to  be  useful  for  understanding 
crystallization  processes  and  structure-function  relationships. 

INTRODUCTION 

The  ability  to  control  the  structure  of  matter  on  the  nanometer  scale  is  likely  to  lead  to 
new  structural  materials  and  devices.  This  scale  is  an  order  of  magnitude  larger  than  the 
chemical  scale,  where  individual  atoms  are  bonded  together  to  create  molecules  with  distinct 
chemical  properties.  In  the  nanometer  range,  3-dimensional  relationships  and  connections 
may  be  established,  but  new  chemical  properties  are  not  a  consequence  expected  of  new 
objects.  The  nanometer  scale  is  used  by  the  living  cell  to  construct  its  components,  which 
often  cohere  by  non-bonded  interactions.  Biological  systems  are  replete  with  tubules, 
filaments  and  force-producing  structures  built  from  protein  subunits  [e.g.,  1-3],  Protein 
engineering  on  the  levels  of  tertiary  [e.g.,  4-6]  and  quaternary  [7)  structure  is  a  growing  and 
vital  field,  but  the  control  of  protein  structure  is  not  yet  in  hand.  Nevertheless,  there  is 
another  biopolymer  whose  intramolecular  and  intermolecular  associations  can  be  used  for 
structural  engineering:  DNA. 

The  structural  engineering  of  DNA  seems  an  unlikely  and  possibly  trivial  topic. 
After  all,  we  have  known  for  40  years  that  DNA  is  an  antiparallel  double  helical  molecule; 
schoolchildren  are  taught  the  reproductive  complementarity  rule  that  adenine  (A)  always 
pairs  with  thymine  (T)  and  that  guanine  (G)  always  pairs  with  cytosine  (C).  The  genetic 
information  for  protein  synthesis  is  known  to  be  encrypted  linearly  in  the  sequence  of 
nucleotides  along  the  DNA  molecule.  Although  there  is  obvious  merit  in  engineering  the 
functioning  of  proteins  for  various  ends,  DNA  acts  in  the  cell  primarily  as  a  repository  of 
genetic  information.  What  is  be  gained  from  building  particular  nucleic  acid  structures? 

The  surprising  answer  to  this  question  is  that  DNA  is  a  molecule  that  is  unusually 
well  suited  to  be  engineered  in  three  dimensions,  and  that  it  may  also  serve  as  a  convenient 
scaffolding  material  to  juxtapose  and  orient  other  molecules  with  well-defined  functional 
characteristics.  Indeed,  DNA  may  turn  out  to  be  the  most  practical  chemical  for  constructing 
objects  on  the  nanometer  scale.  This  response  raises  another  question:  How  can  a  linear 
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polymer  like  DNA  be  used  to  construct  'objects'  of  interest  and  utility?  The  answer  is  that 
DNA  is  not  always  linear:  Sometimes  it  is  branched.  The  most  prominent  biological 
example  of  branched  DNA  involves  the  Holliday  |K)  recombination  intermediate.  Naturally- 
occurring  branched  structures  are  unstable,  because  the  branch  is  energetically  less  favored 
than  linear  DNA.  Furthermore,  Holliday  structures  contain  twofold  sequence  symmetry  that 
enables  them  to  undergo  a  structural  isomerization  called  branch  migration  [e  g  ,  9];  a 
branched  molecule  that  repeatedly  branch  migrates  will  eventually  separate,  without 
cleavage,  to  become  two  linear  duplex  molecules.  Synthetic  branched  DNA  molecules  need 
not  have  this  property.  It  is  possible  to  design  sequences  lacking  in  twofold  symmetry 
[10,11];  these  molecules  are  unable  to  branch  migrate,  and  are  stable  under  convenient 
solution  conditions  [  12], 

MINIMIZING  SYMMETRY  IN  DNA  SEQUENCE  DESIGN 

Branched  DNA  molecules  are  often  called  'Junctions'.  Figure  1  illustrates  a 
branched  junction  molecule.  This  molecule  is  an  analog  of  a  Holliday  junction,  with  an 
asymmetric  sequence.  It  contains  4  single  strands  (indicated  by  Arabic  numbers)  arranged 
into  4  double  helical  'arms'  (indicated  by  Roman  numerals).  Note  that  the  5'  and  3'  portions 
of  each  strand  form  parts  of  two  different  arms. 

t 
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Figure  1.  A  Stable  DNA  Branched  Junction  The  junction  shown  is  composed  of  four  strands  of 
DNA,  labeled  with  Arabic  numerals  The  3'  end  of  each  strand  is  indicated  by  the  half-arrows.  Each 
strand  is  paired  with  two  other  strands  to  form  a  double  helical  arm:  the  arms  arc  numbered  with  Roman 
numerals.  The  hydrogen  bonded  base  paring  that  forms  the  double  helices  is  indicated  by  the  dots 
between  the  bases  The  sequence  of  this  junction  has  been  optimized  to  minimize  symmetry  and  non- 
Watson-Crick  base  pairing.  There  is  no  homologous  twofold  sequence  symmetry  flanking  the  central 
branch  point,  thereby  stabilizing  the  branch  point.  At  the  upper  part  of  arm  I.  two  of  the  52  unique 
tctramcnc  elements  in  this  complex  arc  boxed:  these  arc  CGCA  and  GCAA.  At  the  comer  of  strand  I. 
the  sequence  CTGA  is  boxed.  This  is  one  of  twelve  sequences  in  the  complex  (3  on  each  strand)  that 
span  a  junction.  The  complements  to  each  of  these  12  sequences  arc  absent.  Whereas  ictramcric 
elements  have  been  used  to  assign  the  sequence  of  this  molecule,  there  is  redundancy  in  the  molecule 
amongst  trimers,  such  as  the  ATG  sequences  shown  in  dashed  boxes. 

Nucleic  acid  engineering  involving  duplex  components  has  been  based  on  directing 
the  tendency  of  DNA  molecules  to  maximize  base  pairing.  If  one  wishes  to  make  a  molecule 
containing  branched  helix  axes,  the  target  molecule  will  contain  features  that  do  not 
correspond  to  the  lowest  energy  form  of  DNA.  For  example,  the  formation  of  a  four-arm 
branched  junction  from  two  linear  duplex  molecules  is  disfavored  by  1.1  kcal/mol  at  18  °C 
[13|.  Nevertheless,  one  can  ensure  the  formation  of  the  'excited  state’  molecule,  if  one 
precludes  the  possibility  of  more  favorable  arrangements.  Control  in  this  system  derives 
from  minimizing  DNA  sequence  symmetry,  which  involves  more  than  eliminating  twofold 
symmetry  across  the  junction  [  1 1 1. 

The  minimization  of  sequence  symmetry  is  illustrated  for  the  junction  shown  in 
Figure  1 .  Each  strand  of  the  junction  contains  16  nucleotides,  which  have  been  broken  up 
into  13  overlapping  tetramers,  indicated  by  the  solid  boxes.  If  we  insist  that  each  of  the  52 
tetramers  in  the  entire  molecule  be  unique,  base  pairing  competitive  with  the  designed 
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molecule  can  come  only  from  redundant  miners  (e  g.,  the  ATG  sequences  indicated  by  the 
dashed  boxes).  As  a  further  constraint,  we  insist  that  the  molecule  contain  no  tetramer 
complementary  to  a  bend;  for  example,  there  is  no  TCAG  complementary  to  the  boxed 
CTGA.  The  use  of  tetramers  allows  a  'vocabulary'  of  240  elements  ( (44  =  256)  -  16  self- 
complementary  sequences).  To  design  larger  structures,  one  must  divide  the  strands  into 
longer  elements  of  length  n,  and  competition  from  redundant  (n-l)-mers  can  assume  greater 
importance.  When  they  are  mixed  together,  the  strands  in  Figure  1  self-assemble  to  form  the 
illustrated  branched  structure  (12). 

DIRECTING  MOLECULAR  ASSOCIATIONS  BY  STICKY  ENDS 


Linear  DNA  is  a  construction  medium  familiar  to  those  involved  in  biotechnological 
endeavors  The  sticky-ended  hgation  of  DNA  fragments  [  14),  shown  in  Figure  2,  is  the 
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Figure  2.  Sltcky-Ended  Ligation  Two  linear  double  helical  molecules  of  DNA  arc  shown.  The 
anuparallel  backbones  arc  indicated  by  the  black  lines  terminating  in  half-arrows.  The  half-arrows 
indicate  the  5'~>3'  directions  of  the  backbones.  The  right  end  of  the  left  molecule  and  the  left  end  of  the 
right  molecule  have  single-stranded  extensions  that  arc  complementary  to  each  other.  Under  the  proper 
conditions,  these  bind  to  each  other,  and  ligate  to  covalcncy  with  the  proper  enzymes  and  cofactors. 


fundamental  reaction  of  biotechnology;  it  enables  genetic  engineers  to  assemble  generic  units 
with  particular  functional  characteristics.  From  the  structural  viewpoint,  linear  duplex  DNA 
can  function  as  a  building  block  for  lines,  circles,  or  knots  (e.g  .,  15),  but  it  does  not  provide 
vertices:  Branched  molecules  are  needed  to  furnish  vertices.  The  attachment  of  particular 
sticky  ends  to  a  branched  nucleic  acid  structure  converts  it,  in  principle,  into  a  highly  specific 
nanoscale  valence  cluster  with  addressable  ends  (10,16,17).  By  treating  them  as  molecular 
lego,  branched  DNA  molecules  become  building  blocks  that  can  be  assembled  into  multiply- 
connected  stick-figures  and  networks.  The  edges  of  these  figures  consist  of  double  helical 
DNA,  and  the  vertices  correspond  to  the  branch  points.  Thus,  it  seems  possible  to  design 
and  build  complex  structures  from  branched  DNA  molecules.  The  basic  principles  of  self¬ 
association  are  shown  in  Figure  3;  here  we  illustrate  the  assembly  of  a  4-arm  junction  into  a 


Figure  3.  Formation  of  a  Two-Dimensional  Lattice  from  a  Junction  with  Sticky  Ends.  A  is  a  sticky 
end  and  A'  is  its  complement  The  same  relationship  cxisLs  between  B  and  B\  Four  of  the  monomeric 
junctions  on  the  left  arc  comptexcd  in  parallel  orientation  to  yield  the  structure  on  the  right.  Note  that  A 
and  B  arc  different  from  each  other,  as  indicated  by  the  pairing  in  the  complex.  DNA  ligasc  can  dose  the 
gaps  left  in  the  complex.  Note  that  the  complex  has  maintained  open  valences,  so  that  it  can  be  extended 
by  the  addition  of  more  monomers. 
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quadrilateral,  which  has  the  potential  to  form  a  2-D  lattice.  The  single-stranded  region  A  is 
designed  to  pair  with  A'  and  B  with  B'. 

When  this  type  of  assembly  scheme  is  attempted,  one  discovers  that  individual 
junctions  are  not  completely  rigid  1 19,20],  We  can  expect  that  the  double  helical  edges  of 
each  object  are  torsionally  and  flexurally  stiff,  because  the  persistence  length  of  DNA  varies 
from  450  A  to  1000  A,  depending  on  conditions  J2 1 J.  However,  the  'valence  angles' 
between  the  double  helical  edges  of  each  object  are  flexible.  If  a  given  junction  is 
oligomerized  to  yield  oligolaterals  with  two  turns  between  branch  points,  it  readily  forms  a 
series  of  cyclic  products:  trimers,  tetramers,  pentamers  and  so  on.  Thus,  oligomerization  of 
individual  junctions  is  not  a  useful  technique  to  generate  a  particular  cyclic  polygon. 
However,  the  specificity  of  sticky-ended  ligation  can  be  used  to  direct  the  assembly  of 
particular  junctions  into  target  structures.  Thus,  the  control  of  connectivity  is  robust,  but  the 
control  of  3-D  structure  is  more  elusive.  The  assembly  of  a  pankular  quadrilateral,  directed 
by  a  set  of  junctions  with  individually  addressable  sticky  ends  |22|,  is  shown  in  Figure  4. 


Figure  4.  The  Scheme  of  Synthesis  of  a  DNA  Quadrilateral.  The  individual  reactant  junctions  are 
shown  on  the  left  of  the  figure  and  the  product  is  shown  on  the  right.  For  clarity,  the  double  helieily  of 
the  DNA  has  been  represented  merely  as  parallel  lines  in  the  vicinity  of  the  branch  sites,  and  is  confined 
to  regions  distal  to  the  branch  sites;  nevertheless,  all  the  twisting  expected  on  the  main  cycle  is  shown  on 
both  sides  of  the  figure.  Likewise,  one  should  not  think  that  there  is  unpaired  DNA  between  the  parallel 
lines-cach  edge  represents  only  16  nucleotides  on  each  strand.  On  the  left,  thick  strands  and  thin  strands 
arc  associated  in  pairs  to  form  3-arm  junctions,  in  which  one  exocydic'  arm  is  dosed  in  a  hairpin  loop. 
Arrowheads  represent  the  3'  ends  of  individual  strands.  Strand  numbering  is  indicated  on  the  left  by  the 
numbers  from  1  to  8.  The  5'  and  3'  symbols  indicate  the  sense  of  the  single-stranded  overhangs.  The 
overhangs  arc  all  on  the  short  strands.  The  filled  regions  in  the  exocydic  stems  formed  by  strands  4  and  6 
represent  restriction  sites,  indicated  on  the  two  different  strands. 

Each  of  the  four  3-arm  junctions  connected  together  in  this  construction  consists  of 
two  strands,  because  two  of  the  three  strands  making  up  the  junction  have  been  joined  by  a 
hairpin  loop.  The  sticky  ends  on  each  junction  are  unique,  so  this  assembly  represents 
directed  synthesis,  rather  than  oligomerization.  Two  pairs  of  sticky  ends  are  5'  overlaps, 
and  two  pairs  are  3'  overlaps.  Each  edge  consists  of  sixteen  nucleotide  pairs,  or  1 .5  turns  of 
double  helical  DNA.  Thus,  the  four  junctions  are  ligated  to  form  two  separate  strands  that 
are  designed  to  be  hextupiy  linked.  Each  final  strand  contains  a  recognition  site  for  a 
restriction  endonuclease  on  an  exocydic  arm  (indicated  as  filled  regions  in  strands  4  and  6), 
so  that  it  can  be  cleaved  for  analytical  purposes.  It  is  our  convention  to  show  the  twisting 
condensed  to  the  middle  of  each  edge  for  clarity;  the  viewer  should  not  be  confused  by  the 
different  domains  on  each  edge -the  twisting  extends  all  the  way  to  the  vertices. 

A  key  concept  here  is  connectedness  [18],  which  is  the  number  of  edges  of  a  closed 
object  or  a  lattice  that  meet  at  a  vertex;  the  number  of  arms  of  the  junction  at  a  given  vertex 
limits  the  maximum  connectedness  of  that  vertex.  Thus,  3-connected  objects  and  lattices  can 
be  built  with  3-arm  junctions,  and  4-connected  structures  can  be  built  with  4-arm  junctions. 
Junctions  with  3-6  arms  have  been  constructed  and  characterized  [12,19,23]. 

The  catenated  nature  of  the  two  strands  in  Figure  4  introduces  an  important  point 
about  the  double  helical  structure  of  DNA.  Even  though  one  often  can  think  usefully  about 
helix  axis  connectivity,  without  taking  the  helical  twist  into  account,  the  braiding  of  the 
strands  about  the  helix  axis  is  a  valuable  and  critical  structural  property  of  any  DNA 
molecule.  For  example,  the  two  strands  in  the  quadrilateral  can  be  separated  from  nicked 
failure  products  by  electrophoresis  under  denaturing  conditions,  because  the  catenane  holds 
together,  but  nicked  molecules  separate  into  separate  strands  [22].  Ultimately,  the  twist 
cannot  be  ignored  in  structural  design:  Changing  the  separation  between  branch  points  from 
20  to  16  nucleotide  pairs  can  change  the  distribution  of  oligomerization  products  [20].  The 
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twisting  of  DNA  strands  about  each  other  implies  that  individual  objects  will  be  complex 
catenanes,  and  materials  constructed  from  this  medium  will  have  poiycatenated 
substructures,  much  like  chain  mail.  In  addition,  the  plectonemic  structure  of  DNA  enables 
one  to  design  and  construct  molecular  knots,  which  are  described  below. 

THE  CONSTRUCTION  OF  A  DNA  POLYHEDRON 

We  have  seen  above  that  it  is  possible  to  construct  DNA  stick  figures,  where  the 
edges  are  double  helical  DNA  molecules.  We  are  certainly  not  limited  to  2-dimensional 
objects  when  we  build  molecules  from  branched  DNA.  Whereas  the  connections  between 
vertices  are  helical,  not  parallel,  branched  DNA  structures  are  inherently  3-dimensional:  The 


Figure  S.  A  DNA  Molecule  Whose  Helix  Axes  Have  the  Connectivity  of  a  Cube  The  molecule 
shown  consists  of  six  cyclic  strands  that  have  been  catenated  together  in  this  particular  arrangement. 
They  arc  labeled  by  the  first  letters  of  their  positional  designations.  Up,  Down,  Front,  Back.  Left  and 
Right  (like  a  Rubik  Cube). 
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Figure  6.  The  Synthesis  of  a  DNA  Cube.  The  molecule  is  built  from  10  chemically  synthesized 
strands,  two  80-mcrs  and  eight  strands  containing  about  40  nucleotides.  These  are  hybridized  to  form 
two  quadrilaterals  in  the  first  step.  Two  ends  (C  and  D)  arc  ligated  to  form  a  bcll-likc  molecule  that 
must  be  denatured  and  reconstituted  in  order  to  purify  it  from  side-products.  The  bcll-likc  molecule  is 
then  cyclizcd  to  form  the  cube-like  molecule. 


relative  mean  orientations  of  arms  that  branch  from  the  vertices  flanking  an  edge  are  a 
function  of  the  length  of  the  edge,  just  like  two  wing  nuts  on  a  screw  1 16,17).  We  have 
exploited  the  flexibility  of  branched  junctions  to  construct  from  3-arm  junctions  a  molecule 
whose  helix  axes  have  the  connectivity  of  a  cube  (24).  A  schematic  of  the  3-dimensional,  3- 
connected  (18,25)  object  is  shown  in  Figure  5.  and  its  synthesis  is  shown  in  Figure  6. 

The  object  in  Figure  5  is  shown  as  a  cube,  although  there  has  been  no 
characterization  of  the  angles  between  the  edges.  It  contains  12  edges  formed  from  double 
helical  DNA.  Since  each  edge  contains  20  nucleotide  pairs  of  DNA,  we  expect  that  their 
lengths  will  be  about  68  A.  Each  of  the  edges  contains  a  unique  site  for  recognition  and 
cleavage  by  a  restriction  endonuclease,  thereby  enabling  us  to  establish  the  validity  of  the 
synthesis.  From  model  building  [26],  the  axis-to-axis  distance  across  a  square  face  appears 
to  be  about  100  A,  with  a  volume  (in  a  cubic  configuration)  of  approximately  1760  nm}, 
when  the  cube  is  folded  so  that  major  grooves  form  the  outsides  of  the  comers;  it  is 
markedly  smaller  than  when  the  comers  are  formed  from  minor  grooves.  The  direction  of 
folding  is  currently  unknown.  Another  way  to  regard  the  object  is  as  a  complex  catenane  of 
6  single-stranded  cycles,  each  doubly  linked  to  its  four  nearest  neighbors. 

A  SYNTHETIC  METHODOLOGY  USING  A  SOLID-SUPPORT 

Control  in  the  synthetic  scheme  of  Figure  6  derives  solely  from  the  ability  to 
phosphorylate  sticky  ends  in  a  selective  fashion.  This  level  of  control  limits  a  synthetic 
scheme  involving  all  strands  to  two  effective  steps:  Hybridization  of  phosphorylated  and 
unphosphorylated  strands  preceding  the  first  ligation,  followed  by  phosphorylation  of  the 
remaining  strands  and  a  second  ligation  step.  This  is  an  insufficient  amount  of  control  for 
complex  objects,  so  we  have  developed  a  new  methodology  that  is  more  effective  [27|. 

This  methodology  is  based  on  the  use  of  a  solid  support,  which  lends  itself  to 
automation  by  permitting  convenient  removal  of  reagents  and  catalysts  front  the  growing 
product.  Each  ligation  cycle  creates  an  intermediate  object  that  is  covalently  closed  and 
topologically  bonded  together.  This  feature  permits  exonuclease  digestion  of  incompletely 
ligated  edges,  thereby  purifying  the  growing  object  during  synthesis.  A  single  edge  of  an 
object  can  be  built  at  a  time.  Control  derives  from  the  restriction  endonuclease  digestion  of 
hairpin  loops  forming  each  side  of  the  new  edge.  Sequences  are  chosen  to  destroy 


Figure  7.  Protocol  for  the  Synthesis  of  a  Quadrilateral.  Beginning  with  the  support  (shaded)  bonded  to 
a  junction,  alternate  cycles  of  restriction  and  ligation  arc  performed,  always  at  the  position  indicated  as '  I'. 
The  target  product  (triangle,  tpiadn lateral,  pcnlalalcral,...)  is  determined  by  the  point  at  which  one  chooses 
to  restrict  at  site  2,  exposing  a  sticky  end  complementary  to  that  exposed  by  restriction  at  site  I. 
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restriction  sites  when  the  edge  forms.  Figure  7  illustrates  the  synthesis  of  a  quadrilateral 
from  3-arm  junctions,  four  times  as  efficient  as  that  in  Figure  4  (271.  In  principle,  the  object 
added  to  the  growing  construct  can  be  a  polygon,  a  polyhedron  or  an  array  of  polyhedra. 

THE  ENGINEERING  OF  SINGLE-STRANDED  DNA  KNOTS 

The  closed,  branched  DNA  molecules  discussed  above  are  all  catenanes  of  single- 
stranded  DNA  molecules.  An  intimate  relationship  exists  between  catenanes  and  knots  [151: 
Removal  of  a  node  by  switching  strands,  yet  maintaining  strand  polarity  (sometimes  called 
forming  a  zero  node)  converts  a  catenane  to  a  knot,  and  a  knot  to  a  catenane  (Figure  8).  This 
relationship  is  important  here,  because  the  possibility  of  cloning  these  DNA  structures 
appears  today  to  be  most  readily  achievable  by  getting  single-stranded  DNA  molecules  to 
fold  up  into  complex  knots,  whose  restriction  will  lead  to  the  desired  stick  figures  [28).  It  is 
not  possible  to  clone  branched  structures  directly,  because  a  single  round  of  replication  will 


Figure  8.  Interconrersions  of  Knots  and  Catenanes  by  Switching  Strands  at  a  Node.  The  structure 
shown  on  the  left  is  a  5  j  knot.  The  strand  direction  is  indicated  by  ihc  arrowheads  appearing  along  the 
strand.  When  the  two  strands  entering  the  lower  node  on  the  right  exchange  outgoing  partners,  the  node 
disappears,  and  a  'zero  node'  [151  is  introduced.  This  converts  the  knot  to  a  catenane,  shown  in  the 
middle:  the  two  linked  cycles  arc  drawn  so  as  to  retain  their  shapes,  but  they  arc  drawn  with  pens  of 
different  thicknesses.  The  lower  left  node  of  the  catenane  undergoes  a  strand  switch,  and  the  structure  is 
converted  to  a  trefoil  knot,  illustrated  on  the  right.  The  trefoil  knot  is  one  strand,  so  it  is  drawn  with  one 
pen. 

reduce  a  branch  to  linear  duplexes.  Nevertheless,  it  is  possible,  in  principle,  to  make  an 
entire  structure  from  a  single  strand,  as  illustrated  for  a  dodecahedron  in  Figure  9.  The  key 


Figure  9.  A  Single-Stranded  Representation  of  a  Pentagonal  Dodecahedron.  A  pentagonal  dodecahedron  is 
illustrated  with  twelve  exocyclic  arms,  in  a  representation  known  as  a  Schlcgcl  diagram.  This  is  a  2-D 
representation  of  a  3-D  object  in  which  the  central  polygon  is  closest  to  the  reader,  the  polygons  removed 
from  the  center  arc  distorted  and  further  behind  in  the  page,  and  the  outer  polygon  is  at  the  rear  of  the  figure. 
The  Schlcgcl  diagram  of  the  dodecahedron  is  shown  in  the  thickest  lines.  Flanking  these  arc  lines  that 
represent  the  double  helical  DNA  corresponding  to  each  edge  of  the  dodecahedron.  Each  of  the  twelve 
pentagons  contains  an  exocyclic  double  helical  arm,  with  one  strand  terminating  in  an  arrowhead,  indicating 
the  5'~>3'  polarity  of  the  strand.  In  addition,  each  of  the  individual  faces  has  been  connected  to  a  neighboring 
face  via  the  exocyclic  arms  and  connecting  very  thin  strands,  so  that  the  entire  representation  is  a  single  long 
strand.  The  structure  shown  would  need  to  be  cleaved  in  order  to  fold.  Each  exocyclic  double  helical 
segment  would  contain  a  restriction  site,  to  sever  it  from  connecting  DNA  upon  formation  of  the  structure. 
No  topological  representation  is  made  here:  connecting  DNA  lies  behind  the  polygonal  DNA  for  clarity, 

to  this  strategy  is  to  add  an  extra  external  arm  for  every  strand;  for  molecules  whose  edges 
all  contain  an  integral  number  of  helical  turns,  this  corresponds  to  an  extra  arm  per  face.  The 
external  arms  are  then  connected  together  to  form  the  complex  knotted  structure  shown.  The 
sequence  of  such  a  single-stranded  molecule  could  be  cloned.  Whereas  one  needs  external 
arms  on  a  polyhedral  structure  to  form  a  lattice,  the  target  structure  is  likely  to  contain  such 
restrictable  external  arms.  Nevertheless,  an  optimal-connection  protocol  and  a  folding 
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algorithm  within  the  constraints  of  symmetry  minimization  must  be  developed  so  that  the 
knot  can  be  directed  to  thread  itself  properly. 

The  nodes  formed  by  ordinary  right-handed  B-DNA  correspond  to  negative 
topological  nodes,  if  one  establishes  polarity  in  the  usual  5’~>3'  direction.  However,  there 
is  a  left-handed  form  of  DNA,  Z-DNA  [29],  that  is  formed  readily  by  certain  sequences, 
given  the  appropriate  solution  conditions  [30].  The  relationship  between  nodes  and  DNA 
structures  is  illustrated  in  Figure  10. 


(♦)  NODE  LEFT-HANDED  Z-DNA 


RIGHT-HANDED  B-DNA  (-)  NODE 


Figure  ID.  Nodes  and  DNA  Handedness.  The  mirrored  sides  of  this  diagram  show  positive  and 
negative  topological  nodes  and  their  relationship  to  DNA  structure.  The  nodes  and  their  indicated  signs 
arc  shown  on  the  outsides,  the  DNA  on  the  insides,  and  a  dotted  vertical  line  separates  the  two  halves.  It 
is  useful  to  think  of  the  arrows  as  indicating  the  5* — >3*  directions  of  the  DNA  backbone.  Left  of  the 
negative  node  is  a  representation  of  about  one  and  a  half  turns  of  a  right-handed  B-DNA  molecule.  Note 
that  the  nodes  arc  all  negative.  To  the  right  of  the  positive  node  is  a  left-handed  DNA  molecule,  termed 
Z-DNA.  Note  that  the  nodes  are  all  positive.  The  Z-DNA  molecule  has  been  drawn  so  as  to  appear  to 
be  a  left-handed  version  of  B-DNA.  This  has  been  done  to  clarify  the  relationship  between  the 
handedness  of  a  double  helix  and  the  signs  of  the  nodes  generated;  this  drawing  is  not  intended  to 
represent  accurately  the  structural  nature  of  the  Z-DNA  helix,  in  which  the  minor  groove  is  less  exposed 
than  in  the  B-DNA  helix,  the  major  groove  is  non-existent,  and  the  backbone  has  a  zlg-tag  character 
129). 


B-DNA 


CYCLIC  MOLECULE 


FIGURE-8  KNOT 


Figure  11.  Synthetic  Scheme  for  the  Single-Stranded  DNA  Knots.  The  starting  material  is  a  104-mcr 
illustrated  on  the  far  Icft-X  <A.C.T.G.G.A.C.C.T.C.T),  Y  (dCpdGp)$;  X*  and  Y'  refer  to  sequences 
that  are  expected  to  pair  to  them  by  Watson-Crick  hydrogen  bonding.  Each  side  of  the  square  figure 
shown  corresponds  to  a  quarter  of  the  molecule.  The  projections  represent  the  regions  that  will  pair 
according  to  the  letter  codes;  they  arc  flanked  by  the  oligo-dT  linkers.  The  arrowhead  within  the  X 
projection  represents  the  3‘  end  of  the  strand.  There  are  two  routes  to  the  centra)  portion  of  the  figure, 
the  bottom  route,  including  Z-promoting  Co(NH3)$3+,  and  the  top  route,  without  it.  The  central 
section  of  the  figure  illustrates  the  interlinking  of  the  strands.  The  oligo-dT  linkers  are  represented  here 
by  the  curved  portions  of  the  strand.  The  upper  far-right  drawing  illustrates  the  denatured  trefoil  structure 
in  an  idealized  fashion.  Note  that  the  handedness  of  the  trefoil  shown  here  is  the  correct  one  for  right- 
handed  double  helical  DNA.  The  lower  far-right  drawing  represents  the  figurc-8  knot  similarly. 
Reversing  the  sense  of  all  the  nodes  of  this  knot  results  in  no  change  in  handedness. 
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We  have  explored  (he  possibilities  for  threading  knots  experimentally.  A  DNA 
molecule  can  be  synthesized  containing  the  sequence  X-T-Y-T-X'-T-Y'-T,  where  X  and 
Y  correspond  to  one  helical  tum,  X'  and  Y'  are  their  Watson-Crick  complements, 
respectively,  and  T  is  dTn  linker.  When  cyclized,  this  molecule  yields  a  trefoil  (3|)  knot 
[31,32].  In  addition,  it  is  possible  to  incorporate  a  sequence  capable  of  forming  Z-DNA  in 
one  of  the  two  domains.  Thus,  if  the  Y-Y’  domain  contains  the  proto-Z  sequence 
(dCpdGp)^,  ligation  in  a  Z-promoting  solution  [30J  ( 10  mM  CofNF^)^3*)  will  produce  an 
amphichiral  ftgure-8  (4j)  knot,  containing  two  positive  nodes  and  two  negative  nodes. 

The  synthetic  scheme  for  the  synthesis  of  these  two  knots  is  summarized  in  Figure 
1 1  [32]:  Each  pairing  region  is  separated  by  a  dT  14  or  dT|5  spacer.  The  5’  and  3'  ends  of 
the  synthetic  molecule  fall  between  the  eighth  and  ninth  nucleotide  of  the  X  segment, 
producing  a  nick  that  can  be  sealed  by  T4  DNA  ligase.  Ligation  in  B-promoting  conditions 
produces  a  trefoil  knot  (Figure  1 1,  top);  ligation  in  Z-promoting  conditions  generates  a 
figure-8  knot  (Figure  11,  bottom).  Products  of  these  reactions  are  characterized  on 
polyacrylamide  gels  under  denaturing  conditions,  which  are  sensitive  to  topology,  regardless 
of  molecular  conformation  [31].  The  circle  of  the  same  sequence  can  be  prepared  as  a 
control;  a  linear  complement,  whose  presence  is  incompatible  with  knot  formation,  is 
hybridized  to  the  DNA  flanking  the  nick  during  the  ligation  reaction. 

There  is  a  general  relationship  between  the  nodes  of  DNA  molecules  and  the  nodes 
of  single-stranded  DNA  knots:  A  half-turn  of  duplex  DNA  can  be  used  to  generate  a  node  in 
a  knot  [33|.  Figure  12  illustrates  this  point  with  a  trefoil  knot.  The  three  nodes  of  the  knot 
shown  are  formed  by  perpendicular  lines,  whose  polarity  is  indicated  by  arrowheads.  The 
nodes  act  as  the  diagonals  of  a  square,  which  they  divide  into  four  regions,  two  between 
antiparallel  arrows  and  two  between  parallel  arrows.  The  transition  from  topology  to  nucleic 
acid  chemistry  can  be  made  by  drawing  parallel  base  pairs  between  strands  in  the  antiparallel 
regions.  The  axes  of  the  helices  are  drawn  perpendicular  to  the  base  pairs,  and  the  twofold 
axes  are  perpendicular  to  the  helix  axes.  The  individual  nodes  can  be  usefully  condensed 
into  larger  DNA  structures  to  avoid  undesired  braiding  [33].  For  example,  the  trefoil  and 
figure-8  knots  synthesized  above  have  their  nodes  condensed  into  linear  structures,  and  the 
trefoil  in  Figure  12  could  be  condensed  into  a  3-arm  branched  DNA  junction.  Excess 
braiding  can  be  avoided  in  catenanes  [24],  and  possibly  in  knots,  by  using  'topological 
protecting  groups'  [33].  These  are  unclosable  single-stranded  DNA  molecules  that  pair  with 
parts  of  the  strand  whose  role  is  not  to  form  nodes.  Protection  prevents  these  segments 
from  forming  unwanted  braids,  and  then  it  is  removed  by  denaturing  the  final  molecule. 


Figure  12.  The  Relationship  Between  Nodes  and  Antiparallel  B  ONA  Illustrated  on  a  Trefoil  Knot.  A 
trefoil  knot  is  drawn  with  negative  nodes.  The  path  is  indicated  by  the  arrows  and  the  very  thick  curved 
lines  connecting  them.  The  nodes  are  formed  by  individual  arrows  drawn  at  right  angles  to  each  other. 
Each  pair  of  arrows  forming  a  node  defines  a  quadrilateral  (a  square  in  this  figure),  which  is  drawn  in 
dotted  lines.  Doublc-arrowhcadcd  helix  axes  arc  shown  perpendicular  to  these  lines.  The  twofold  axis 
that  relates  the  two  strands  is  perpendicular  to  the  helix  axis;  its  ends  arc  indicated  by  tens-shaped  figures. 
The  twofold  axis  intersects  the  helix  axis  and  lies  halfway  between  the  upper  and  lower  strands.  The 
amount  of  DNA  shown  base  paired  at  each  node  corresponds  to  about  half  a  double  helical  him 

STRUCTURAL  TARGETS  FOR  DNA  ENGINEERING 

Suggestions  for  the  utility  of  DNA  structural  engineering  are  currently  in  the  realm  of 
speculation.  A  key  use  envisioned  for  DNA  arrays  [  10]  is  to  function  as  macromolecular 
zeolites,  serving  as  hosts  for  globular  macromolecular  species,  as  an  aid  in  crystallographic 
structure  determination.  The  rate-determining  step  in  macromolecular  crystallography  is  the 
preparation  of  adequate  crystals.  The  ability  to  assemble  periodic  arrays  of  C3ges  that 
contain  ordered  guests  would  contribute  to  a  solution  of  that  problem.  Intracage  orientation 


could  be  done  through  binding  by  site-specific  fusion  molecules.  A  cartoon  of  such  an  array 
is  illustrated  in  Figure  13,  using  5-connected  and  6-connected  networks.  The  assembly  of 
periodic  lattices  is  likely  to  be  a  difficult  goal  to  achieve:  Control  over  the  synthesis  of  an 
individual  object  can  be  derived  from  minimization  of  sticky-end  symmetry,  but  it  is  not 
possible  to  exploit  symmetry  minimization  to  build  an  entire  crystalline  array  (16],  since  the 
lattice  inherency  contains  translational  symmetry.  The  solution  that  seems  most  likely  to 
work  is  to  use  an  automated  version  of  the  solid-support  methodology  to  build  a  hierarchy 
of  structures,  culminating  in  a  group  of  unit  cells.  These  could  be  aligned  by  masking  the 
same  sticky  end  with  different  restrictable  hairpins,  as  done  previously  [27J:  Special  sticky 
ends  could  be  deprotected  by  the  first  enzyme,  and  ligated,  and  then  the  rest  could  be 
deprotected  by  the  second  enzyme  prior  to  their  ligation. 


Figure  13.  5 -Connected  and  6-Connected  Networks  Acting  as  t lasts  for  Macromolecular  Guests.  The 
simplest  conceptual  network,  the  6-conncacd  cubic  lattice,  is  shown  on  Lhc  right  side  of  this  drawing. 
Macromolecular  guests,  represented  as  shaded  kidney- shaped  objects,  have  been  added  in  four  unit  cells. 
Note  that  if  the  guests  are  all  aligned  in  the  parallel  fashion  shown,  the  entire  material  will  be  a  crystal, 
and  it  will  be  possible  to  determine  the  structure  of  the  guests  by  crystallography. 

Due  to  its  special  role  as  the  genetic  material  of  all  living  organisms,  including 
humans,  there  has  bee  a  lot  of  effort  devoted  to  the  synthesis  1 34 1  and  modification  of  DNA 
for  diagnostic  and  therapeutic  purposes.  For  this  reason,  a  great  deal  of  chemistry  is 
known,  and  indeed  is  commercially  available,  by  which  it  is  possible  toderivatize  synthetic 
DNA  molecules  with  special  functional  groups,  both  on  the  bases  and  on  the  backbone 
(reviewed  in  (351).  In  addition,  there  are  natural  mechanisms  by  which  drugs  and  particular 
proteins  recognize  and  bind  to  specific  sites  on  DNA.  These  methods  could  be  used  to 
attach  molecular  electronic  components  to  DNA  molecules  [36],  The  self-assembly  of  the 
DNA  molecules  could  in  turn  direct  the  assembly  of  these  other  components  (Figure  i4). 
The  specific  proposal  that  has  been  forwarded  is  that  a  crystalline  array  of  such  an  assembly 
could  act  as  a  memory  device.  The  DNA  in  this  proposed  b.ochip  is  limited  to  a  structural 
role.  The  components  suggested  include  conducting  polymers,  such  as  rrans-polyaietylene 
or  polyphenothiazine  (PTL),  a  PTL-ruihenium  switch,  and  a  redex  bit  |36|. 
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Figure  14.  The  Assembly  of  Molecular  V  ires  Directed  by  the  Assembly  of  Branched  DNA.  The 
branched  junctions  with  sticky  ends  arc  indicated  by  the  thick  lines,  and  the  molecular  wires  arc  indicated 
by  the  horizontal  thin  lines  icthcrcd  to  them,  A  metal  (circle  with  +  sien)  is  indicated  as  being  added  to 
them  to  form  a  molecular  wire  synapse  [36]. 


The  properties  of  multiply-connected  DNA  objects  also  make  them  excellent  potential 
scaffolds  for  the  attachment  of  proteins.  The  marked  stiffness  of  DNA  121]  suggests  that 
large  substituents  are  unlikely  to  perturb  its  structure  extensively.  However,  linear  DNA 
molecules  present  a  limited  set  of  „.tes  for  the  juxtaposition  and  orientation  of  tethered 
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proteins.  For  example,  two  proteins  tethered  in  the  same  manner  five  nucleotides  apart  will 
be  on  the  opposite  sides  of  the  DNA  double  helix.  Branched  structures  present  attachment 
sites  with  a  wider  choice  of  intermolecular  distances  on  the  same  surface.  Among  the 
utilities  envisioned  for  tethering  molecules  to  DN'A  objects  are  the  production  of  new 
catalysts  [22]  and  the  solubilization  and  delivery  of  otherwise-insoluble  proteins  and  drugs. 
The  scaffolded  threading  of  polymeric  species  has  also  been  suggested  [33]. 

What  about  mechanical  action?  There  are  several  ways,  in  principle,  in  which 
controlled  motion  can  be  achieved  in  isolated  DNA  structures,  or  in  parts  of  a  periodic  array 
that  are  not  involved  in  the  stabilization  of  the  lattice.  There  are  at  least  two  dramatic 
isomerizations  of  DNA  that  ought  to  be  useful  to  achieve  motion.  One  is  the  B-Z  transition, 
in  which  a  segment  of  DNA  changes  from  its  normal  right-handed  structure  (B-DNA),  to  a 
left  handed  structure  (Z-DNA).  This  largely-torsiona)  transition  (about  -64°/residue)  occurs 
most  readily  in  (CG)n  sequences;  it  can  be  controlled  by  solution  conditions  [30|.  Another 
isomerization  is  branch  migration,  which  is  influenced  by  the  torsional  state  of  DNA  [37 ] . 
The  details  of  bm"h  migration  temain  unclear,  but  one  can  estimate  that  two  residues  will 
each  move  about  ,V>  A  and  rotate  about  35°  for  each  step  taken.  These  isomerizations  are 
illustrated  in  Figure  15. 
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Figure  15.  Isomerizations  of  DNA  Above,  the  relative  positions  of  two  tethered  marromolccules 
arc  altered  by  the  change  in  twist  caused  by  a  P-Z  transition  Branch  Migration  is  illustrated  below.  The 
posiuon  of  a  branch  is  relocated  by  the  isomerization  reaction. 


CONCLUDING  REMARKS 


DNA  turns  out  to  be  a  surprisingly  tractable  medium  for  engineering  both  structure 
and  'opology  on  the  nanometer  scale.  U  is  important  to  realize  that  DNA  stick  figures  are 
topologically  DNA  catenanes,  intimately  related  to  knots  [33).  Indeed,  at  this  point,  the 
major  features  of  stick  figures  that  are  experimentally  available  are  their  topologies.  The 
cube-like  molecule,  for  example,  has  been  characterized  only  by  its  connectivity;  it  can  be 
broken  down  to  its  more  tractable  substructure  catenanes.  Further  techniques  are  necessary 
to  characterize  such  molecules  structurally.  Similarly,  the  theory  of  producing  DNA  knots 
described  above  is  well  ahead  of  experimental  confirmation.  Whereas  it  is  possible  to 
differentiate  knots  with  different  numbers  of  nodes  by  their  gel  mobilities,  it  is  unlikely  that 
such  techniques  can  differentiate  isomers  of  higher  knots  containing  the  same  number  of 
nodes.  It  is  to  be  hoped  that  new  techniques,  such  as  scanning  tunneling  microscopy  [e  g., 
38),  w  ill  facilitate  the  structural  characterization  of  these  new  and  exciting  molecules. 
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ABSTRACT 

The  polycation  conducting  polymer,  oxidized  polypyrrole  (PPy),  possesses 
the  ability  to  form  complexes  with  DNA.  Our  previously  proposed  diffusion 
limited  binding  model  for  double  helical  DNA  was  also  found  to  be  applicable  to 
single  stranded  DNA  in  this  study.  Single  stranded  DNA  was  found  to  bind  PPy 
at  a  nearly  identical  level  to  tl.at  of  double  helical  DNA  An  investigation  of 
electropolymerized  PPy  film  morphology  using  SEM  revealed  two  distinctly 
differing  surface  morphologies  for  the  Platinum  (Pt)  electrode  face  (smooth)  and 
polymeric  growth  face  (rough).  The  DNA  uptake  levels  were  found  to  be 
consistently  dirferent  on  either  surface,  being  higher  on  the  rough  surface.  DNA 
penetrated  into  the  disk  interior  with  increasing  time  periods  of  exposure  while  a 
similar  phenomenon  but  to  a  lesser  extent  was  observed  for  single  stranded 
DNA. 


INTRODUCTION 

The  oxidized  form  of  polypyrrole  (PPy)  is  electrically  conducting  with 
conductivity  m  the  range  of  10'^  -  10^  S  cm'1  [1.2].  Conduction  in  PPy  is  due  to 
the  mobility  of  positive  charged  defect  structures  in  the  highly  conjugated 
polymer  backbone  [3.4],  The  cations  form  donor  -  acceptor  complexes  with 
electrolyte  ions  during  the  synthesis  of  the  conducting  polymer.  Past  studies 
performed  by  our  group  have  shown  that  polyanionic  DNA  binds  PPy. 
presumably  by  replacing  the  dopant  counterions  upon  binding.  We  have 
demonstrated  that  the  uptake  kinetics  of  double  helical  DNA  follows  a  classical 
diffusion  limited  adsorption  model  with  no  significant  activation  energy  to 
binding  [5  -7], 

Observation  of  the  surface  of  electropolymenzed  PPy  disks  using  scanning 
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electron  microscopy  (SEM)  has  revealed  two  distinct  morphologies,  a  rough 
surface  (polymer  growth  face)  characterized  by  the  presence  of  grooves, 
channels  and  craters,  and  a  smooth  surface  (electrode  face)  devoid  of  these 
structures.  Since  DNA  binding  routes  could  involve  diffusion  or  capillary  uptake 
into  internal  channels  as  well  as  surface  adsorption  in  the  PPy  disk  we 
undertook  the  following  studies,  m  comparative  study  of  the  binding  properties 
of  single  and  double  stranded  DNA  to  polypyrrole  was  undertaken  by  counting 
decay  events  from  both  sides  of  PPy  disks  to  determine  time  dependent  DNA 
penetration  into  the  disk  interior.  The  DNA  binding  and  matrix  penetration 
phenomena  may  find  uses  for  PPy  as  a  new  material  in  biotechnology 
applications.  The  optoelectronic  properties  of  conducting  polymers  may  find 
uses  in  signal  transduction  in  biosensors  where  nucleic  acids  form  the 
molecular  recognition  system  utilizing  molecular  hybridization. 


EXPERIMENTAL  METHODS 

The  electrochemical  polymerizations  were  performed  as  previously 
described  [7],  After  4  hours  of  reaction  time  a  film  of  100  •  130  pm  thickness 
was  deposited  on  the  Pt  electrode.  The  free  standing  film  was  peeled  off  with  a 
razor  blade  and  tweezers,  followed  by  soaking  in  acetonitrile  for  24  hours  and 
drying  at  25“  C  for  12  hours.  The  film  was  cut  into  circular  disks  0.60  cm  in 
diameter  and  stored  in  the  dark 

Native  pBR  322  DNA  (New  England  Biolabs)  was  linearized  by  restriction 
cleavage  with  EcoRI  (New  England  Biolabs).  The  linearized  DNA  was  then 
35S  radiolabeled  using  a  3'  end  labeling  kit  NEK  009Z  (New  England  Nuclear) 
achieving  a  specific  activity  of  5  X  10  4  cpm/pmol.  The  radiolabeled  DNA  was 
dissolved  in  500  pi  of  TE  buffer  (1  mM  EDTA  and  10  mM  Tris,  pH  8)  and  was 
stored  at  -  20°  C.  Samples  containing  160  nanograms  of  35S  DNA  in  a  200  pi 
droplet  in  IX  TE  buffer  were  placed  on  a  polypropylene-  tray  The  tray  was 
placed  in  a  petri  dish  which  contained  a  reservoir  of  IX  TE  buffer  to  minimize 
sample  droplet  evaporation.  The  disk  shaped  PPy  substrate  was  then  placed 
upon  the  DNA  solution  droplets  for  varying  lengths  of  time  at  37“  C.  Following 
exposure  to  the  DNA  droplet,  the  substrate  was  treated  to  three  10  minute 
washes  in  IX  TE  butter.  For  single  stranaed  DNA  binding  160  nanograms  o< 
DNA  were  aliquoted  out  of  the  stock  solution.  This  was  heated  in  a  water  bath  at 
95°  C  for  10  minutes  and  immersed  into  ice  cold  IX  TE  buffer  to  a  final  volume 
of  200  pi. 

Radioactivity  on  disks  was  detected  by  both  scintillation  counting  of  total 
radioactivity  and  using  a  high  voltage  proportional  counter  for  counting  from 
rough  and  smooth  disk  faces.  Samples  were  counted  over  200  minute  periods. 
A  substrate  disk,  treated  identically  without  being  exposed  to  the  radiolabeled 
DNA  was  used  as  a  control.  All  the  raw  sample  counts  were  corrected  for 
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background  (control  value)  radiation  levels.  Scanning  electron  microscopy  was 
performed  as  previously  described  [6] 


RESULTS  AND  DISCUSSION 

The  low  resolution  scanning  electron  microscope  (SEM)  images  in  figure  1 
reveal  differences  m  the  texture  of  the  rough  (R)  and  smooth  <S)  surfaces  and 
cross-sectional  views  of  the  electropoiymerized  PPy  film  used  in  DNA  binding 
experiments 


a  b  c 


37.5  pm  15pm  15pm 


Fig .1.  SEM  images  of  PPy  (a)  Cross-sectional  end  view,  (b)  surface  morphology 
of  the  rough  surface,  (c)  surface  morphology  of  the  smooth  surface. 

The  conductivity  measurements  of  the  two  sides  being  identical,  the  only 
difference  observed  relevant  to  DNA  binding  is  the  difference  in  the  surface 
morphology  The  rough  side  of  the  film  {  polymer  growth  face)  shows  a  regular 
array  of  craters  and  bumps  whereas  the  smooth  side  (Pt  electrode  face)  is 
devoid  of  any  such  structures.  In  fact  preliminary  studies  (data  not  shown)  have 
shown  that  DNA  binding  is  higher  on  the  rough  surface  than  on  the  smooth 
surface  which  would  agree  with  our  SEM  observations  of  the  apparent  lower 
surface  area  of  the  smooth  side  relative  to  the  rough  side. 

Rough  face  binding  kinetics  experiments  of  single  and  double  stranded  DNA 
shown  in  figure  2  are  in  agreement  with  the  previously  suggested  diffusion 
limited  binding  model  which  is  expressed  in  equation  1. 

n  =  2C(Dt/n)1'2  (1) 

where  n  is  the  number  of  molecules  binding  per  unit  area,  C  is  the  bulk  solution 
DNA  concentration,  D  is  the  diffusion  coefficient  and  t  is  the  time. 
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1/2  1/2 
t  (minutes) 

Fig.  2.  DNA  binding  kinetics  onto  the  rough  surface  of  PPy:  <■)  single  stranded 
DNA  (s);  (•)  double  stranded  DNA  (d).  Best  fit  linear  regressions  to  these  data 
are  shown. 

It  can  be  seen  that  for  the  initial  stages  of  binding,  a  t  1/2  dependence  is 
observed.  Our  studies  seem  to  suggest  that  single  stranded  DNA  binding  to  PPy 
takes  place  similarly  to  that  of  the  double  stranded  DNA.  We  measured  the  R  / 
S  radioactivity  ratio  (the  ratio  of  radioactivity  detected  on  the  rough  surface  to 
that  detected  on  the  smooth  surface)  for  rough  side  uptake  of  both  the  single 
and  double  stranded  DNA  as  shown  in  figure  3.  There  was  a  progressive 
decrease  in  the  R  /  S  ratio  for  both  DNAs  indicating  that  at  longer  exposure 
times  each  DNA  was  penetrating  the  disk  and  moving  toward  the  smooth  side. 
The  higher  level  of  R  /  S  for  the  single  stranded  DNA  might  be  explained  by  its 
decreased  mobility  once  bound  to  PPy  The  exposed  bases  of  single  stranded 
DNA  may  have  the  capability  to  bind  PPy  by  hydrogen  bonding  or  even  through 
base  stacking  interactions  with  the  PPy  backbone  ring  system.  These  bonding 
opportunities  are  absent  in  double  stranded  DNA  and  may  be  responsible  for  its 
higher  internal  mobility  and  consequently  lower  R  /  S  ratio.  The  quantitative 
levels  of  R  /  S  ratios  agree  with  a  simple  experiment  indicating  that  the  half 
attenuation  thickness  for  PPy  measuring  disintegration  was  about  40 
microns.  For  120  micron  disks  the  ratio  should  be  about  8:1. 
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Fig.  3.  Ratio  of  R  /  S  surface  radioactivity  following  rough  surface  DNA  uptake 
on  PPy  :  (■)  single  stranded  ;  (•)  double  stranded  DNA  uptake.  Best  fit  linear 
regression  to  these  data  are  shown. 

These  binding  results  suggested  we  probe  the  surface  of  the  PPy  films  at 
very  high  resolution  using  TEM  techniques.  We  have  undertaken  such  studies 
and  preliminary  TEM  images  of  the  rough  surface  (data  not  shown)  shows  the 
presence  of  an  abundance  of  grooves  or  channels  [9].  The  dimensions  of  these 
channels  support  our  observations  that  the  DNA  could  easily  penetrate  into 
these  channels  and  move  towards  the  interior.  The  smooth  surface  is  almost 
devoid  of  such  channels  and  has  the  appearance  of  veiy  regular  and  dense 
chain  packing.  We  have  not  yet  determined  whether  DNA  penetrates  this 
surface.  These  observations  are  thus  in  agreement  with  our  DNA  binding 
experiments. 


CONCLUSIONS 

We  have  demonstrated  that  the  diffusion  limited  binding  model  proposed  for 
double  stranded  DNA  applies  to  single  stranded  DNA  as  well.  The  penetration 
of  DNA  from  the  rough  surface  into  the  interior  of  the  disk  has  been  observed. 
This  phenomenon  is  in  agreement  with  SEM  and  high  resolution  TEM  images 
showing  channels  and  grooves  on  the  rough  surface.  The  DNA  binding  and 
matrix  penetration  phenomena  may  find  uses  for  PPy  as  a  new  material  in 
biotechnology  applications. 
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ABSTRACT 

A  novel  hierarchical  biomaterial  capable  of  incorporating  any  biotinylated 
biomolecule  has  been  created  Our  strategy  is  lo  biotinylate  one-dimensional 
electroactive  polymers  and  use  a  bridging  streptavidin  protein  on  Lanamuir-Blodgett 
(LB)  organized  films  The  following  copolymeric  system  which  enables 
functionalization  of  other  molecules  and  formation  of  good  monolayers  was  employed 
Biotinylated  poly(3-methanolthiophene-co-3-undecylthiophene)  (B-PMUT) 
demonstrated  a  significantly  better  isotherm  implying  superior  molecular  packing 
compared  to  poly(3-methanolthiophene-co-3-undecyllhiophene)  (PMUT)  on  the  LB  air- 
water  surface  The  isotherm  showed  significant  area  expansion  when  streptavidin  was 
injected  below  the  B-PMUT  monolayer  in  0. 1  mM  NaH2PC>4/0  1 M  NaCI  butler  (pH  6  8) 
subphase.  We  then  incorporated  biotinylated  phycoerythrin  (B-PE)  into  this  novel 
biomaterial  by  binding  the  unoccupied  biotin  binding  sites  on  the  bound  streptavidin  (4 
sites  total).  The  pressure-area  isotherm  of  the  protein  injected  monolayer  showed 
area  expansion  A  characteristic  fluorescent  emission  peak  at  576nm  was  detected 
from  the  monolayer  transferred  onto  a  solid  substrate.  These  observations 
demonstrated  the  (unction  of  B-PMUT  in  hierarchical  monolayer  assembly  of 
molecules  incorporating  the  biotin  /  streptavidin  interaction 


INTRODUCTION 

Polythiophene  is  one  ol  the  most  important  heteroaromatic  electrically  conducting 
polymers  It  possesses  good  thermal  and  environmental  stability  and  its  ease  in 
processibility  makes  it  attractive  for  possible  applications  in  electronics,  sensors  and 
nonlinear  optics  [1-4]  Although  the  aromatic  rings  are  responsible  for  rigidity  and 
strong  intra-  and  interchain  interactions,  solubility  can  be  obtained  by  substituting  alkyl 
chains  (longer  than  4  carbons)  on  (he  polymer  backbone  (5J 

Incorporation  of  biological  molecules,  which  possess  inherent  intelligent 
properties,  into  well-defined,  oriented  assemblies  is  extremely  important  lor  potential 
bioelectronic.  biomedical  and  biotechnological  applications  Here,  the  polymeric 
material  primarily  serves  to  immobilize  biological  molecules  but  could  potentially 
function  in  a  signal  transduction  role  as  well.  The  Langmuir-Blodgett  technique  is 
advantageous  for  the  fabrication  of  a  hierarchical  structure  due  to  its  ability  to  organize 
molecules  into  an  ordered  monolayer  and  subsequently  to  manipulate  monomers  into 
multilayer  films  toward  a  desired  architecture  Recently,  this  technique  has  been  used 
to  prepare  spatially  oriented  organized  protein  molecular  assemblies  [6] 

Our  approach  has  involved  the  highly  specific  recognition  of  biotin  by 
streptavidin  The  binding  affinity  of  biotin  to  the  teframeric  protein  streptavidin  is  strong 
(10 '5  M)  and  once  formed  the  complex  is  essentially  irreversible  [7]  It  was 
demonstrated  earlier  that  one  can  use  the  LB  cassette  approach  to  create  ordered 
monolayers  using  biotinylated  lipid  which  first  binds  to  streptavidin  [8,9)  This 
streptavidin  can  subsequently  bind  biotinylated  phycoerythrin,  a  fluorescent  protein 
The  advantages  of  usinq  polymer  material  over  lipid  include  the  monolayer  film  stability 
and  strength 

Here,  we  have  chosen  the  copolymer  system  of  3-undecyllhiophene  and  3- 
methanolthiophene.  with  modification  of  the  hydroxyl  group  ol  methanol  by  biotin  in 
order  to  extend  the  cassette  approach  Our  goal  is  to  combine  the  conductivity 
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properties  ol  the  copolymer  with  the  inherent  flexibility  of  the  biotin  /  streptavidm 
Binding  system.  In  the  present  study,  we  present  the  method  of  synthesis  of  the  novel 
biotinylated  copolymer  and  demonstrate  the  self-assembly  of  the  cassette  system 
using  the  fluorescent  properties  of  biotinylated  phycoerythrin 


EXPERIMENTAL 
Polymer  Synthesis 

Synthesis  of  polv(3-undecvlthioDhene-co-3-methanolthioDhene)  (PMUTI 

Synthetic  grade  anhydrous  ferric  chloride  (Aldrich),  0  09  mol  was  dried  under 
vacuum  at  100°C  prior  to  reaction  Then  nitrogen  was  introduced  along  with  100  ml  of 
dry  chloroform  (Aldrich).  0  02  mol  of  3-undecylthiophene  (TCI  America)  and  0  01  mol 
of  3-methanolthiophene  (Aldrich)  in  10  ml  of  chloroform  was  added  dropwise  under 
vigorous  stirring  The  reaction  mixture  was  allowed  to  stir  for  two  days  till  the  reaction 
was  complete  The  reactant  solution  was  precipitated  into  500  ml  methanol  (Aldrich) 
The  product  was  then  cleansed  with  methanol  in  a  Soxhlet  extractor  for  two  days 

Synthesis  of  biotinylated  polvf3-undecvlthioDhene-co-3-methanoithiophene)  (B-PMUT) 

A  solution  of  0  01  mol  biotin  (Biomeda).  0  01 1  mol  N,N-dicyclo-hexytcarbodiimide 
(Aldrich),  0  01 1  mol  poly  (3-undecyllhiophene-co-3-methanolthiophene)  and  0  001  mol 
4-pyrrolidinopyridine  (Aldrich)  in  50  ml  dichloromethane  (Aldrich)  was  stirred  at  room 
temperature  until  esterification  was  complete  The  N.N-dicycloundecyl  urea  was 
filtered  and  the  filtrate  was  washed  with  water  (3x50  ml),  5%  acetic  acid  solution  (3x50 
ml)  and  again  with  water  (3x50  ml),  dried  (MgS04)  and  solvent  was  evaporated  in 
rotary  evaporator  under  reduced  pressure  to  give  the  biotinylated  copolymer. 

LB  monolayer  formation 

All  monolayer  studies  were  carried  out  on  a  Lauda  MGW  Filmwaag  trough  with  a 
surface  area  of  approximately  930cm2.  In  the  case  of  pressure-area  isotherms  of 
BMUT  and  B-PMUT  0  5  mM  chloroform  solution  was  spread  onto  the  purified  MilliQ 
water  subphase  For  the  measurement  of  pressure-area  isotherms  following 
streptavidm  injection  under  the  B-PMUT  monolayer,  the  subphase  was  composed  of 
an  aqueous  solution  of  0  ImM  NaHgPOd  and  0  1M  NaCI,  at  pH  6  8  Streptavidin 
(0  1  mg  in  5ml  of  the  buffered  subphase)  was  injected  under  the  spread  film  and  left  to 
incubate  for  two  hours  at  30°C,  and  subsequently  biotinylated  phycoerythrin  was 
introduced  under  the  polymer  and  streptavidin  layer  The  streptavidin  and  biotinylated 
phycoerythrin  were  purchased  from  Biomeda  Co  and  used  as  received  Compression 
was  then  carried  out  at  a  speed  of  2  mm2/min  until  collapse  of  the  film  was  observed 
For  transfer  studies,  the  polymer  was  spread,  followed  by  streptavidin  introduction  and 
incubation  in  the  expanded  state  for  two  hours,  subsequently  followed  by  B-PE 
introduction  and  incubation  for  two  hours  and  then  compressed  to  an  annealing 
surface  pressure  of  approximately  IS  mN/m  for  deposition  Monolayer  films  were  then 
transferred  onto  glass  solid  supports  for  fluorescence  spectroscopy. 


RESULTS  AND  DISCUSSION 

Materials  Synthesis  and  Characterization 

The  synthesis  of  biotinylated  copolymer  involves  two  steps,  the  synthesis  of 
copolymer  of  3-undecylthiophene  and  3-methanolthiophene  and  attachment  of  biotin  in 
the  second  step  as  shown  in  Figure  1 . 


Transmittance  (art.  unit) 
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Figure  1 .  The  synthesis  schematic  of  PMUT  and  B-PMUT 


Infrared  measurements  of  PMUT  and  B-PMUT  were  carried  out  on  KBr  discs 
and  are  shown  in  Figure  2  Both  PMUT  and  B-PMUT  showed  a  principal  absorption 
peak  at  780  cm'1  due  to  the  C-H  out-ot-plane  vibration  of  the  2.5-disubstituted 
thiophene  and  a  distinct  peak  around  810  cm'1  due  to  the  C-H  out-of -plane  vibration 
of  the  2,3,5-trisubstituted  thiophene  [10j.  B-PMUT  exhibited  new  characteristic 
peaks  at  1678cm'1  due  to  ester  linkage  and  a  sharp  peak  at  3400  cm'1  from  N-H 
stretching  Meanwhie.  the  broad  O-H  absorption  peak  at  3400cm'1  shown  in  PMUT 
disappeared  in  B-PMUT 


Figure  2  FT-IR  spectra  of  (a).  PMUT  (b).  B-PMUT. 

Visible  spectra  were  measured  In  chloroform  and  are  shown  in  Figure  3.  Both 
the  copolymers  showed  a  broad  Xrnax  around  400-450  nm  with  absorption 
increasing  from  600  nm  indicating  the  presence  of  an  extended  ^-conjugation  along 
the  polymer  backbone  B-PMUT  showed  a  blue  shilt  due  to  the  interruption  of  n- 
conjugation  by  the  introduction  ol  biotin. 


144 


Figure  3.  Visible  spectra  of  (a)  PMUT  (b)  B-PMUT. 

In  order  to  evaluate  the  effectiveness  of  biotinylation  of  PMUT  in  the  functions 
of  LB  formation  and  subsequent  bindings  with  streptavidin  and  B-PE  a  senes  of 
oressure-area  isotherm  measurements  were  performed.  The  isotherms  ofthePMUT 
B-PMUT.  streptavidin  injected  B-PMUT  monolayers  and  B-PE  injected  streptavidin/ 
B-PMUT  monolayers  are  given  in  Figures  4  and  5. 

m  N/m 


Figure  4  The  pressure-area  isotherm  of  PMUT  on  MilliQ  water  at  30°C. 

mN/m 


Emission  ( arb.  unit ) 
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Biotinylated  copolymer  (B-PMUT)  demonstrated  a  significantly  better  isotherm 
than  copolymer  (PMUT)  implying  superior  packing  compared  to  the  copolymer  on  the 
air-water  interface.  This  significant  improvement  in  the  formation  of  a  B-PMUT 
monolayer  suggests  that  the  biotinylation  enhanced  the  LB  film  formation  by 
contributing  hydrophilicity  to  the  copolymer  molecule. 

Another  advantage  of  the  B-PMUT  includes  increased  stability  of  hie 
monolayer  during  transfer  and  efficient  deposition  onto  solid  supports  It  was  found 
that  a  constant  surface  pressure  of  15  mN/m  was  maintained  over  a  period  of  15 
minutes  with  a  transfer  ratio  of  approximately  65%.  B-PMUT  was  observed  to 
possess  fairly  strong  mechanical  properties  as  shown  by  the  formation  of  an  elastic 
fiber-like  string  when  the  collapsed  monolayer  film  was  drawn  up  using  a  teflon- 
coated  tip 

The  isotherm  shown  in  Figure  5  showed  area  expansions  when  streptavidin 
and  B-PE  were  injected  below  the  B-PMUT  monolayer  indicating  the  occurrence  of 
effective  binding  between  the  biotin  and  streptavidin  and  subsequently  biotinylated 
PE  with  streptavidin.  This  change  supports  the  original  goal  of  the  biotinylation  of 
this  polymer,  which  was  to  employ  the  biotin-streptavidin  compiexation  for 
subsequent  immobilization  of  any  biotinylated  macromolecular  assembly  into  LB 
films 

The  monolayer  films  were  transferred  to  hydrophobic  solid  glass  supports  using 
the  horizontal  dipping  technique  at  an  annealing  pressure  of  15  mN/m.  The 
presence  of  the  phycoerythrin  is  probed  by  its  intense  and  characteristic 
fluorescence  Measurements  were  carried  out  by  exciting  the  samples  with  496  nm 
light  from  an  Argon  ion  laser  and  scanning  from  510  to  670  nm  [81 .  The  fluorescence 
spectra  of  B-PMUT  with  streptavidin,  and  B-PMUT  and  streptavidin  with  B-PE,  are 
shown  in  Figure  6  As  shown,  only  the  B-PMUT/streptavidin/8-PE  monolayer  gives  a 
strong  emission  at  576  nm  which  corresponds  to  the  fluorescence  spectrum  of  the 
native  phycoerythrin  [9],  These  results  along  with  other  controls  provide  convincing 
evidence  thal  the  protein  has  adsorbed  to  the  B-PMUT  /  streptavidin  monolayer  via 
the  bridging  biotin  /  streptavidin  interaction 


Figure  6.  Fluorescence  spectra  of  (a)  B-PMUT  /  Streptavidin 
(b).  B-PMUT  /  Streptavidin  /  B-PE 
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CONCLUSION 

We  have  shown  that  biotinylation  of  thiophene  copolymer  enabled  formation  of 
superior  LB  films  at  the  air-water  interface  by  contnbuting  a  flexible  spacer  group  and 
enhancing  the  hydrophilicity  of  the  copolymeric  molecule  In  addition,  through  the 
biotin  /  streptavidin  complexation,  hierarchical  structure  fabrication  containing  protein 
was  demonstrated  These  results  suggest  that  this  novel  copolymer  is  a  promising 
material  for  potential  device  applications  in  which  any  biotinylated  macromolecule 
may  be  attached  to  the  polymer  monolayer  via  the  bridging  biotin  /  streptavidin 
interaction  system 
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ABSTRACT 

Enzymatic  polymerization  of  a  number  of  monomers  in  an  ordered 
lattice  on  a  Langmuir  trough  (L-T)  was  inve -.ligated.  The  assembly 
and  polymerization  of  two  mixed  monomeric  systems  consisting  of 
4-tetradecyloxyphenol  (C14PP)  with  phenol,  and  4-hexadecylaniline 
(C16PA)  with  aniline,  in  various  ratios  were  carried  out. 
Polymerization  was  obtained  with  C14PF  and  phenol  (in  the  ratio 
1:10).  and  C16PA  and  aniline  (in  the  ratio  1:2)  on  buffered  MilliQ 
water  (pH  7.5)  using  the  enzyme  horseradish  peroxidase  (HRP)  at 
20°C  Polymerized  monolayers  were  then  transfemed  to  appropriate 
substrates  for  UV-Vis,  third  order  non  linear  optical  (NLO) 
properties,  and  thickness  measurements.  Thermogravimetric 
analysis  (IGA)  was  performed  on  the  final  polymers.  Results 
suggest  that  the  lattice  controlled  polymerization  results  in  hignly 
ordered  conjugated  polymers  with  improved  functional,  electronic. 
NLO  and  processability  properties,  which  form  a  basis  for  intelligent 
material;  tesign  and  applications. 


INTRODUCTION 

Phenolic  resins  are  one  of  the  most  studied  polymeric  materials 
because  cf  the  increased  product  demand  ranging  from  commodity 
construction  materials  to  high  technology  applications  in 
electronics  and  aerospace.  The  starting  materials  for  the  production 
of  these  resins  are  phenols,  or  denvatized  phenols,  and  aldehydes  in 
the  presence  of  a  basic  or  acidic  catalyst.  However,  since 
formaldehyde  is  a  toxic  chemical  and  potentially  carcinogenic  agent, 
production  of  the  resins  is  strongly  questioned  from  a  safety 
standpoint. 

A  possible  safe  alternative  is  the  use  of  biological  enzymes  for 
To  whom  reprint  requests  should  be  addressed 
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the  coupling  of  phenols  m  the  presence  ot  hydrogen  peroxide  The 
high  specificity  and  catalytic  rate  of  the  enzyme  minimizes  the 
undesirable  byproducts  and  simultaneously  leads  to  the  development 
of  an  environmentally  friendly  chemical  process  This  synthetic 
procedure  in  bulk  solution  was  studied  by  Dordick  et  al  [1]  and  more 
recently  by  Akkara  et  al  (2],  They  found  that  in  dioxane/water 
systems.  HRP  catalyzes  the  polymerization  of  derivatized  phenol  and 
aniline  compounds.  The  polymers  exhibited  good  thermal  stability 
and  also  interesting  non  linear  optical  (NLO)  properties 

One  major  limitation  of  these  polymer  products  is  the  difficulty 
found  in  the  processing  due  to  the  presence  of  extensive  crosslinking 
m  the  structure  To  overcome  this  problem  we  employed  enzymatic 
synthesis  on  a  L-T  This  approach  significantly  decreases  the 
possibility  of  crosslinking,  thereby  improving  the  processability, 
while  maintaining  or  even  improving  the  electrical  and  third  order 
NLO  properties  This  methodology  was  found  to  be  applicable  to 
various  related  compounds  [3]  Here  we  report  data  on  polymers 
formed  by  C14PP  and  phenol  (1  10  ratio)  and  by  C16PA  and  aniline 
(1  2  ratio)  In  particular,  we  characterized  the  two  systems  by 
pressure-area  isotherms,  TGA,  and  UV  Vis  spectroscopy 
Furthermore,  for  the  Cl4PP/phenol  we  measured  optical/electrica! 
properties  and  thickness  by  means  of  ellipsometry  and  Atomic  Force 
Microscopy  (AFM) 


EXPERIMENTAL 

A  Lauda  film  balance  equipped  with  a  constant  temperature  bath 
{Langmuir  Filmwaage.  Model  D.  Lauda-Bnnkman,  Westbury.  NY)  was 
used.  The  surfactant  C14PP  was  chemically  synthesized  by  O 
alkylation  of  hydroqumone  with  1  -bromotetradecane  C16PA  was 
purchased  from  Aldrich  Chemical  Co  (Milwauke.  Wl)  and  used  as 
received  Monomers  at  1-2  mg-'ml  concentration  were  solubilized  m 
chloroform  and  spread  at  the  air  water  interface  The  monolayers 
were  prepared  al  the  air  water  interface  according  to  a  published 
procedure  [3]  The  subphase  contained  two  liters  ot  0  85  mM  HLPFS 
buffer.  pH  7  5.  with  12-25  mg  of  enzyme  per  liter  Powdered 
horseradish  peroxidase  (HRP)  (EC  1.11  1  7),  was  preadded  to  the  L-T 
subphnse  (Type  II.  150-200  units'mg.  Sigma  Chemical  Co.  St  louis 
MO)  Once  the  monomer  at  the  air  water  interface  was  spread  onto 
the  aqueous  subphase  containing  HRP  and  compressed  to  15  mN  in. 
hydrogen  peroxide  was  injected  into  the  subphnse  to  commence  the 
polymerization  reaction 

Spectral  characterization  of  monolayers  on  quartz  slides  was 
performed  with  a  Parkin  Elmer  Lambda  9  UV  Vis  Near  IR  specfro 
photometer  (Norwalk.  CF)  TGA  measurements  of  the  monomers  and 
surface  skimmed  polymers  were  performed  under  nitrogen  with  a 
10  C  mm  rate  of  temperature  increase  A  TGA  2950  from  TA 


Instrument  Inc  (New  Castle,  OE)  was  used 

Five  monolayers  of  C14PP  Phenol  polymer  deposited  on  fused 
silica  (refractive  index  n=1.457)  were  measured  for  thickness  by 
ellipsometry  using  a  Thin  Film  Ellipsometer  (43603-200E.  Rudolph 
Research,  Flanders.  NJ)  at  >.=0,6328  pm  One  monolayer  of 
Cl4PP.'Phenol  was  deposited  on  a  silica  wafer  tor  AFM  using  a 
Digital  Instrument  Inc  NANOSCOPE  AFM  (Santa  Barbara  CA) 

For  electrical  measurements,  an  "Interdigitated  Microsensor 
Electrodes"  (IME)  was  used  The  IME  was  composed  of  fifty  gold 
fingers,  each  15  pm  wide,  4985  pm  long,  and  with  a  space  of  15  pm 
between  each  finger.  This  sensor  was  covered  with  bulk 
Cl4PP/phenol  or  Cl6PA;aniltne  polymer  and  then  placed  in  a  sealed 
chamber  which  was  alternately  flushed  with  nitrogen  and  evacuated 
three  times,  followed  by  resistance  measurements  of  the  undoped 
poiymer.  Nitrogen  was  gradually  introduced  along  with  dopant 
(iodine)  into  the  chamber  and  electrical  resistance  was  monitored 
The  measurement  process  was  halted  when  saturation  m 
conductivity  resulted. 

Third  order  non  linear  optical  susceptibility  (x(,))  was  determined 
in  solution  by  degenerate  four  wave  mixing  with  a  frequency  doubled 
Nd  YAG  laser  with  17  ps  pulses  at  532  nm.  The  average  energy  per 
pulse  was  25mJ  The  vertically  polarized  output  was  split  into 
three  beams,  which  are  temporally  and  spatially  overlapped  in  the 
sample  contained  in  a  1  or  2  mm  cuvette  The  intensity  of  the  phase 

conjugate  beam  proportional  to  the  square  of  y12'  was  measured 


RESULTS  AND  DISCUSSION 

Pressure-area  isotherms  with  unreacted  monomers  C14PP  and 
C16PA.  and  mixtures  of  these  monomers  with  phenol  and  aniline  are 
shown  in  Fig.  1.  An  area  of  approximately  22  A2  to  25  A2  per 
molecule  was  observed  for  the  pure  monomer  systems.  This 
increased  area  per  molecule  in  comparison  to  the  area  per  molecule 
of  an  alkyl  chain  (20  A2/molecule  [4])  may  be  attributed  to  the 
oresence  of  the  phenyl  group.  The  presence  of  the  phenyl  group 
imposes  a  disk-shaped  benzene  ring  of  maximum  dimensions  of  7  4  A 
across  by  3.4  A  thick  and  of  minimum  dimension  of  6.4  A  across  by 
3  4  A  thick  (the  thickness  of  the  tt-cloud)  on  the  alkyl  chain.  The 
calculated  area  of  the  phenyl  group  from  molecular  modeling  ranges 
from  21  8  to  25.2  A2  .  It  is  interesting  to  note  that  the  introduction 
of  the  phenoxy  group  into  the  interior  of  the  monolayer  does  not 
perturb  the  stability  of  the  close  packed  monolayer  shown  by  the 
C16PA  isotherm  which  reaches  a  relatively  high  collapsed  pressure 
of  about  70  mN/m. 

The  expansion  m  area  with  added  enzyme  and  underivatized  phenol 
or  amlme  was  encouraging  because  this  indicates  that  these 
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components  were  permeating  the  monolayer.  For  reaction, 
underivatized  phenol  or  aniline  was  added  to  the  trough  in  ratios 
ranging  from  1:1  to  500:1  (underivatized/derivatized).  The  reaction 
rate,  upon  injection  of  H202.  was  observed  to  increase  as  the  ratio 
increased.  UV-Vis  spectroscopy  characterizations  (Fig. 2)  of  the 
Cl6PA/aniline  polymer  multilayers  exhibited  a  broad  absorption  in 
the  visible  spectrum,  indicative  of  formation  of  a  conjugated 
polymeric  backbone  structure.  This  absorption  feature  was  absent 
in  controls  containing  only  the  monomer  mixtures.  Controls  run  in 
the  absence  of  either  hydrogen  peroxide  or  HRP  also  gave  no  evidence 
of  polymer  formation.  Collapsed  polymerized  films,  skimmed  from 
the  subphase  surface,  were  dark  in  appearance,  and  highly 
stretchable.  Similar  results  were  found  for  the  Cl4PP/phenol 
system  [5]. 


Figure  1.  Isotherms  of  diferent  monomers  Figure  2.  UV-Vis  spectra  of  ten  layers  of 

on  MilliQ  water  (A,B).  and  in  presence  of  C16PA/Aniline:  (A)  ten  layers  of  the 

HRP  (C.D)  at  20° C.  monomer,  (B)  ten  layers  of  the  polymer. 

Thermal  properties  of  the  polymers  were  determined  by  TGA  and 
are  presented  in  Figure  3.  The  TGA  analysis  indicated  that  a 
significant  amount  of  material  remains  after  heating  the  polymer  to 
900cC.  TGA  of  the  C14PP/phenol  polymer  indicated  about  a  15% 
final  residue  value  with  two  major  temperature  ranges  of 
degradation;  one  between  250-400°C  and  the  other  between  400- 
470°C.  Thermal  analysis  carried  out  for  the  C16PA/aniline  polymer 
showed  a  50%  final  residue  value  and  similarly  the  presence  of  two 
different  temperature  ranges  during  the  degradation  process.  The 
chemical  and  physical  properties  of  this  residual  material  have  not 
been  studied. 

Optical  ellipsometry  is  a  way  to  measure  the  monomolecular 
thickness  and  quality  of  the  films  formed.  By  ellipsometry,  we 
obtained  a  film  thickness  of  27.8+1  A  for  the  C14PP/phenol  polymer 
Our  results  are  in  reasonable  agreement  with  the  data  (25A) 
obtained  by  modelling  calculations.  We  employed  a  value  of  nf=  1 .50 
for  the  real  refractive  index  of  the  film  in  the  calculation  of  film 
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thickness.  The  use  of  this  refractive  index  has  precedent  from 
previous  investigations  of  monolayers  [6],  where  values  of  1.45-1  50 
have  been  employed.  The  high  end  of  this  range  was  used,  since  the 
phenoxy  and  the  phenyl  group  would  be  expected  to  increase  the 
refractive  index  of  the  film,  as  can  be  seen  by  a  comparison  of  the 
bulk  refractive  indices  of  tetradecane  (nD  =  1 .4290),  anisole 
( n D  =  1 .51 60)  and  phenol  (nD=l.5509).  Thickness  results  were 
confirmed  by  AFM  measurements  where  the  micrograph  showed  a 
regular  flat  surface  of  30  A  or  lower  thickness. 


Temperature  (°C) 

Figure  3.  TGA  of  monomers  (A)  C14PP.  (B)  C16PA.  and  of  polymers  (C)  C14PP/phenol 
(1:10).  (0)  C16PA/amline  (1:2). 

Conductivity  values  of  iodine  doped  polymerized  multilayers  of 
the  C16PA/aniline  (1:2)  ranged  from  3*10  3  to  1  ‘  1 0'5  S/cm.  One 
such  polymer  sample  was  relatively  stable  and  maintained  a 
conductivity  of  2.00*10  4  S/cm  over  a  3  day  period  after  doping. 
The  C14PP/phenol  polymer  showed  similar  behaviour  [7]  with  a 
higher  initial  conductivity.  There  was  also  significant  enhancement 
of  the  third  order  optical  nonlinearities  to  values  of  1*1  O'9  esu  upon 
polymerization  of  the  C14PP/phenol  system.  Such  a  result  would  be 
expected  upon  formation  of  a  conjugated  backbone  structure 

A  schematic  of  two  possible  arrangements  of  the  polymerization 
products  is  given  in  figure  4. 


R  a 


Whofo  R=*  O  C j 4 g  and  X»OH 


Fioure  4.  Schematic  of  two  proposed  polymer  structures. 
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CONCLUSION 

The  biocataiytic  approach  to  2-D  polymeric  synthesis  we  have 
described  is  a  free  radical  polymerization  process  [8]-  A  wide  range 
of  monomers  will  react  under  tnese  conditions  to  provide  a  diversity 
of  potential  polymeric  products  for  systematic  studies  of  the  effect 
of  monomer  substituents  on  mechanical,  thermal,  electronic  and 
linear/non  linear  optical  properties  [3].  The  process  described  here 
represents  a  general  technique  for  the  assembly  and  polymerization 
of  conductive  and  optically  active  polymers  in  2-D  networks 
Processing  limitations  observed  with  intractable  polymers 
synthesized  in  bulk  are  surmounted  with  this  technique  and  thin 
films  are  formed  as  the  reaction  progresses. 
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ABSTRACT 

Supramolecular  organizates  of  liposomes  and  Langmuir-Blodgett 
(LB)  films  are  described  which  are  capable  of  specifically  binding  to 
pathogens  such  as  influenza  virus.  The  specific  interaction  is  between 
the  hemagglutinin  protein  of  the  virus  and  an  a-C-glycoside  of  sialic 
acid  expressed  on  the  surface  of  the  liposome  or  LB  film.  Sialic  acid- 
containing  liposomes  were  found  to  inhibit  influenza  virus  infectivity  in 
cell  culture,  and  may  provide  a  basis  for  new  materials  which  act  as 
therapeutic  agents.  Sialic  acid-containing  LB  films  also  specifically  bind 
to  the  influenza  virus.  In  this  case,  the  conjugated  polymer  backbone 
acts  as  a  built-in  reporter  of  the  binding  event,  measurable  by  a 
chromatic  change  in  the  visible  absorption  spectrum.  These  films  may 
provide  a  basis  for  new  materials  which  act  as  direct  detectors  of 
binding. 


INTRODUCTION 

This  paper  describes  functionalized  polydiacctylene  liposomes  and 
LB  films  which  are  tailored  to  bind  pathogens,  in  this  case,  the  influenza 
virus.  Lipid  monomers  containing  a  diacetylenic  unit  are  readily 
polymerized  by  ultraviolet  (UV)  irradiation,  forming  a  polymer 
backbone  of  alternating  ene-yne  groups.1  -2-3 

The  surface  lectin  of  the  influenza  virus,  hemagglutinin  (HA),  is 
known  to  bind  to  terminal  a-glycosides  of  N-acetyl  neuraminic  acid 
(sialic  acid),  found  in  cell  surface  glycoproteins  and  glycolipids.4'5  This 
binding  event  is  the  first  step  of  the  influenza  infectious  cycle.6  We 
have  synthesized  a  polymerizable  lipid  which  contains  a  C-glycoside  of 
sialic  acid  as  the  head  group.  This  lipid  was  incorporated  into  mixed  LB 
monolayers  and  mixed  liposomes.  The  design  of  this  molecule  imparts 
several  important  features  to  the  supramolecular  assembly:  the  C- 
glycoside  is  stable  to  viral  enzymatic  hydrolysis  relative  to  the 
naturally  occuring  ct-0  glycoside,  polymerization  of  the  layers  renders 
the  entire  organizate  stable  under  a  variety  of  conditions  of 
tempetaluie  and  solvent,  and  finally,  polymerization  imparts  the 
structures  with  the  desirable  optical  properties  of  a  conjugated 
polymer. 
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Polymerized  liposomes  containing  the  sialic  acid  lipid  are  found  to 
inhibit  influenza  virus  infectivity  and  hemagglutination  of  erythrocytes. 
Polymerized  LB  flims  containing  the  same  a-C  glycoside  also  specifically 
bind  the  influenza  to  a  surface.  The  visible  absorption  of  the  conjugated 
polydiacetylene  provides  a  "built-in"  detector  of  the  binding  event. 


EXPERIMENTAL 

Liposomes  were  prepared  by  combining  chloroform  solutions  of 
the  monomers  3  and  4  (Figure  1A)  to  give  the  desired  percentage  of 
sialoside-lipid  3  to  be  expressed  at  the  liposome  surface.  The 
chloroform  was  removed  by  rotary  evaporation  and  deionized  water 
was  added  to  give  approximately  the  desired  concentration  of  total  lipid 
(0.5  mM  to  1  mM).  This  mixture  was  probe  sonicated  (Fisher  sonic 
dismembrator  model  300,  50%  maximum  output)  for  15  minutes  while 
maintaining  a  sample  temperature  between  70°C  and  80°C.  This 
produced  a  clear  solution  which  was  filtered  through  a  0.8  mm  nylon 
filter  to  remove  any  undispersed  lipid.7  Polymerization  was 
accomplished  at  room  temperature  under  an  argon  atmosphere  by 
irradiation  at  254  nm. 

Langmuir-BIodgett  films  were  prepared  by  spreading  a 
chloroform  solution  of  the  appropriate  percentage  of  sialic  acid  lipid  and 
matrix  lipid  onto  the  water  surface  contained  in  a  standard  Langmuir- 
BIodgett  trough  (KSV  Instruments,  Connecticut).  Subsequent 
compression  to  the  solid-analogous  phase  and  irradition  at  254  nm 
polymerizes  the  diacetylene  units  yielding  an  alternating  enc-yne 
polymer  backbone.  The  film  is  irradiated  under  a  constant  lateral 
surface  pressure.  The  polymerized  film  is  lifted  onto  glass  slides  coated 
with  a  monolayer  of  an  octadecyl  silane  (octadecyltriethoxysilane,  Huls 
America)  by  the  horizontal  touch  method. 

Hemagglutination  inhibition  (HA1)  and  Plaque  reduction  (PRA)  were 
determined  using  a  standard  assay,®  X31  influenza  virus  was  prepared 
by  infection  in  MDCK  cells.9 

RESULTS  AND  DISCUSSION 

Inhibition  of  Influenza  Infectivity  hv  Polymerized  Liposomes 

Recently,  dramatic  enhancements  in  the  inhibition  of  viral  adhesion 
to  erythrocytes  have  been  achieved  using  synthetic  polymeric 
polyvalent  sialosides.10'1  L12  The  greater  potency  of  these  synthetic 
polyvalent  sialosides  is  postulated  to  arise  from  the  additivity  of 
binding  energies13  as  is  the  case  with  naturally  occurring  polyvalent 
glycoproteins.  On  the  other  hand,  the  binding  of  monovalent  sialosides 
such  as  compound  1  is  relatively  weak  (KD  =  2  mM).14  Our  approach  is 
to  produce  polyvalent  sialosides  by  incorporating  sialic  acid  lipids  into  a 
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Figure  1 


4,  EAPDA 


1  a-O-glycosidc 
of  NcuAc 


2  a-C-allylglycoside 
of  NeuAc 
••  R-Et 
b  R=H 


Detail  of  Liposome  Surface:  Liposome  Cross-Section 


polymerized  liposome.  The  liposome  structure  is  anticipated  to  more 
closely  resemble  the  natural  cell  surface  by  localization  of  pendant  sialic 
acid  head  groups  into  a  lipid  bilayer  matrix. 

The  liposomes  are  composed  of  sialoside  lipid  3,  Figure  1A,  which 
was  synthesized  from  2a,15  and  mixed  with  a  matrix  lipid  4, 16  Figure 
I  A.  The  nerrentape  of  sialoside  presented  at  the  liposome  surface  (0%. 
1%,  5%,  IG yo,  30vc  and  oUVo)  represents  the  mole  percentage  of  lipid 
monomer  3  used  in  the  liposome  preparation.  A  representation  of  the 
liposome  surface  and  the  polymerized  backbone  is  shown  in  Figure  IB. 
Transmission  electron  microscopy  of  the  liposome  solution  reveals 
ellipsoid  structures  averaging  on  the  order  of  100  nm  in  length  and  30 
nm  in  width. 
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The  data  presented  in  Table  1  clearly  indicate  that  the  specific- 
interaction  of  the  influenza  virus  with  the  sialic  acid  lipids  in  the 
polymerized  liposomes  both  inhibits  hemagglutination  and  significantly 
reduces  infectivity  in  vitro.  Tor  comparison,  to  achieve  50%  inhibition 
of  viral  binding,  the  a-O-methyl  glycoside  of  sialic  acid  (compound  11 
required  a  concentration  of  2  mM  and  compound  2B  required  a 
concentration  of  10  mM.  In  sharp  contrast,  liposome  preparations  111 
and  IV  (5%  and  10%  of  sialoside  3)  required  as  little  as  5.7  x  1  O' 7  M 
and  3.3  x  10"7  M  concentrations  of  the  sialoside  to  achieve  complete 
inhibition  of  agglutination.  This  represents  an  increase  in  potency  of 
more  than  30.000  times  over  the  corresponding  monovalent  sialic  acid 
derivatives  and  is  one  of  the  most  potent  synthetic  inhibitors  of 
hemagglutination  reported  to  date.  In  addition,  liposome  preparations 

Table  1.  Hemagglutination  inhibition  ( H  A I )  and  plaque  reduction 
assays  of  liposome  preparations  I-VI. 


Entry  Inhibitor  |tAla  Plauue  Reduction 


|3|,  M _ |31.  mM _ Reduction* 


1 

2 

Liposome 

Liposome 

I  (0%.3) 

I  I  ( 1  %.3) 

0 

4.0  x 

(-) 

IO-<>  <-) 

0  000 

0.003 

0% 

96% 

3 

Liposome 

I  I  I  (5%. 3) 

5.7  X 

I0-7  (x) 

0.016 

97% 

4 

Liposome 

I  V  (10%, 3) 

3.3  x 

10-7  (v) 

0.030 

46% 

5 

Liposome 

V  (30%. 3) 

8.0  x 

HI'5  (-) 

3.750 

0% 

6 

Liposome 

V  1  (60%. 3) 

1.5  x 

!0-4  (-) 

7.500 

0% 

'A 

(+)  indicates 

complcic  inhibition 

while 

a  (-)  indicates 

no  inhibition 

was 

observed  at  the  given  concentrations  of  3. 

^Thc  values  represent  the  percent  reduction  in  the  number  of  plaques  per  well 
due  to  viral  lysis  of  infected  cells. 


II  and  III  (1%  and  5%  sialoside)  inhibit  plaque  formation  (infectivity) 
in  cell  culture  by  over  95%  at  concentrations  in  the  micromolar  range. 
The  decrease  in  activity  at  higher  loading  of  sialic  acid  is  postulated  to 
arise  from  steric  effects  which  prevent  effective  binding  to 
hemagglutinin.  Liposomes  which  contain  no  sialoside  (liposome  1)  do 
not  specifically  bind  the  influenza  virus  as  demonstrated  by  the  lack  of 
inhibition  of  hemagglutination  and  cell  infectivity. 

Detection  of  Influenza  Virus  bv  Lanamuir-Blodpett  Films  of 
Functionalized  Pol  vdi  acetylenes 

Supported  LB  films  of  polydiacetylene  lipids17-1**  enable  a  well- 
defined  surface  to  be  constructed  with  full  control  of  lipid  surface 
density,  surface  pressure  and  composition.  These  films  are  readily 
amenable  to  microscopic,  spectroscopic,  and  surface  analysis.  Figure  2 
schematically  represents  the  construction  of  a  polydiacetylcne  LB  film. 
The  polymerized  film  is  lifted  using  the  horizontal  touch  method 
resulting  in  a  "headgroup-out”  orientation  of  the  lipid.  LB  films  for  viral 
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binding  typically  contain  2-5%  of  the  sialic  acid  lipid  3  in  the  matrix 
lipid.  The  supported  films  exhibit  two  absorption  maxima,  a  'blue  form', 
(X  max  =  625  nm)  and  a  'red'  form  (X  max  =  530  nm).19  The  ratio  of  the 
two  peaks  is  sensitive  to  temperature  (thermochromism)20’21  and.  as 
will  be  shown,  to  binding  of  the  influenza  virus  to  the  surface  at  room 
temperature. 


Figure  2 
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Angle-resolved  X-ray  photoelectron  spectrosocopy  of  the  N(ls)  and 
C(ls)  =  O  signal  from  the  supported  LB  films  indicates  that  the 
functional  headgroups  are  expressed  at  the  surface.  These  signals  show 
the  expected  increase  in  intensity  with  decreasing  take-off  angle  (angle 
between  sample  plane  and  detector).  Ellipsometric  analysis  yields  a 
film  thickness  of  ca.  45-50  A,  in  agreement  with  the  expected  thickness 
based  on  molecular  models. 

The  absorption  spectra  of  freshly  prepared  polymerized  LB  films 
typically  exhibit  a  biue/red  ratio  (I625/I530)  of  0.97  ±  0.005  (Figure  3A). 
However,  upon  incubation  of  a  film  containing  sialic  acid  with  the 
influenza  virus,  the  intensity  of  the  blue  form  decreases  with  a 
corresponding  increase  in  the  intensity  of  the  red  form  where  I625/I5 30 
is  now  0.74  ±  0.004,  or  a  24%  change  in  the  ratio  (Figure  3B).  Films 
which  contain  no  sialic  acid  show  a  change  in  ratio  of  less  than  1%  and 
films  containing  sialic  acid  but  incubated  with  a  buffer  blank  show  a 
change  in  ratio  of  less  than  5%  (Figure  4  A,B,C).  The  chromatic  change 
in  film  may  be  a  result  of  disorder  induced  by  the  binding  of  the  viral 
particle  to  the  film.22  Preliminary  transmission  electron  microscopy 
independently  verified  specific  binding  of  the  virus  to  films  containing 
sialic  acid  in  the  head  group  region.  The  films  were  incubated  with  the 
influenza  virus  and  then  subjected  to  a  detergent  wash  followed  by  a 
series  of  rinses  just  prior  to  viewing  in  the  electron  microscope.  As 
shown  in  Figure  5,  films  containing  5%  of  the  sialic  acid  lipid  bind  to  the 
virus.  In  contrast,  films  containing  no  sialic  acid  show  an  absence  of 
virus  particles  following  the  rinsing  procedure. 

Figure  3.  Visible  absorption  spectra  of  polymerized  LB  film  containing 
5%  sialic  acid  lipid.  A:  film  prior  to  incubation  with  influenza  virus.  B: 
film  following  incubation  with  influenza  virus. 
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Thus,  LB  films  of  polydiacctylenes  containing  sialic  acid  were  found 
to  act  as  direct  detectors  of  viral  binding,  where  changes  in  the  visible 
absorption  of  the  film's  polymer  backbone  were  monitored.  This 
system  has  the  advantage  of  incorporating  both  the  molecular 
recognition  element  and  the  optical  'reporter'  unit  within  the  same 
supramolecular  organiza'e.  This  is  in  contrast  to  classical  biosensor 
devices  which  generally  require  a  fabricated  device  coupled  to  the 
molecular  recognition  element  to  transduce  the  binding  event  into  a 
measurable  signal.-3  We  are  currently  working  on  improving  the 
system's  response  by  varying  the  nature  of  the  conjugation. 


CONCLUSION 

New  materials  were  described  which  provide  a  well-defined  surface 
for  specific  interaction  with  the  influenza  virus.  These  materials  show 
promise  as  new  therapeutic  and  diagnostic  agents  based  on  multivalent 
carbohydrate  structures.  Wc  have  shown  that  polymerized  liposomes 
incorporating  sialic  acid  lipids  are  potent  inhibitors  of  influenza  virus  in 
vitro  infectivity  and  hemagglutination.  These  liposomes  should  also 
serve  as  important  models  for  understanding  pathogen-cell  interactions. 

Functionalized  LB  films  of  polydiacetylenes  containing  the  sialoside- 
lipid  also  specifically  bind  influenza  virus.  These  surfaces  contain  a 
'built-in'  optical  detector  which  directly  reports  the  binding  event  using 
visible  absorption  spectroscopy.  Further  development  of  these  films 
may  lead  to  an  important  new  class  of  biosensors. 

Figure  4.  Relative  response  of  LB  films  to  influenza  virus  (see  text) 
with  appropriate  controls.  A:  Film  contains  5%  sialic  acid  lipid,  and 
incubated  with  influenza  virus  in  PBS  buffer.  B:  Film  contains  0%  sialic 
acid  lipid,  and  incubated  with  influenza  virus  in  PBS  buffer.  C:  Film 
contains  5%  sialic  acid  lipid,  but  incubated  with  PBS  buffer  only. 
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Figure  5.  Transmission  electron  microgmpn  of  influenza  virus  bound 
to  film  containing  5%  sialic  acid  lipid.  Films  containing  no  sialic  acid 
lipid  show  an  absence  of  virus  particles. 
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ABSTRACT 

PolyQ-benzvI-L-glutamate)  (PBLG)  may  be  derivatized  on  its  periphery  by 
covalently  attaching  y(21-active  NLO  chromophores  at  the  termini  of  its 
sidechains  and  thereby  give  a  new  class  of  SHG  materials  *  The  inherent  liquid 
crystalline  properties  of  concentrated  solutions  of  u-helical  I’Bl.G  may  be 
exploited  to  establish  unique  supramolecular  structures  prior  to  E-field  poling 
When  PBLG  is  derivatized  at  its  N-terminus  with  lipoic  acid,  it  will  self -assemble 
on  gold  to  give  a  thin  film  2  Angle-dependent  XPS,  ellipsometrv,  contact  angle 
measurements,  and  grazing  angle  1R  reflection-absorption  spectroscopy  give 
quantitative  information  about  the  orientation  of  the  polypeptide  a-helices 
relative  to  the  substrate  surface.  Consequently,  polypeptides,  in  particular, 
Merrifield-synthesized  or  recombinant  DNA-expressed  synthetic  polypeptides, 
present  a  novel  fabrication  route  to  thin  films  wherein  molecular-engineered 
functionalities  (chemical,  electrical,  or  optically  active  species)  may  be  encoded 
into  the  macromolecule's  primary  structure  and  subsequently  expressed  spatially 
via  the  spontaneous  self-organization  of  these  rod-like  polymers. 


INTRODUCTION 

The  n-helical  secondary  structural  motif  in  proteins  has  captured  the 
interest  of  the  scientific  community  since  its  conception  in  1931  by  Pauling  and 
co-workers1  and  continues  to  be  widely  investigated  to  this  date.  Polypy-benzyl-L- 
glutamate)  [PBLG),  for  instance,  is  one  of  the  most  extensively  studied  among 
synthetic  polypeptides  primarily  because  of  its  robust  a-helical  conformation — a 
rigid,  rod-like  macromolecule  in  a  variety  of  solutions  and  in  the  solid  state.'1 
Oriented  fibers  of  PBLG  gave  the  first  X-ray  crystallographic  proof1  of  the  protein 
ci-helix  having  internal  hydrogen  bonding  between  amide  groups  separated  by  4 
residues  within  the  helical  chain  PBLG  forms  the  18/5  helix,  that  is,  there  are  18 
residues  in  between  exact  repeats  of  the  secondary  structure,  corresponding  to 
about  5  turns  of  the  helix  (3.6  residues  per  turn);  this  translates  to  2  7  nm  exact 
repeat  distance,  a  helical  pitch  of  0.54  nm,  and  a  0.15  nm  axial  translation  per 
residue  ‘,'f’  The  continued  fascination  with  this  secondary  structure  is  evident  by 
the  recent  attempts  to  obtain  a  molecular  image  of  the  helical  structure  of  PBLG 
using  the  scanning  tunneling  microscope/'8 

These  well-defined  attributes  of  the  n-helix  and  its  packing  in  condensed 
phases  have  motivated  us  in  our  present  work  There  are  attractive 
possibilities — by  controlling  the  primary  structure  of  the  polypeptide  either  by 
Merrifield-tvpe  synthesis9  or  recombinant  DNA  technology,10  a  spatial 
organization  of  various  chemical,  electrical  or  optical  functionalities  is  possible.1’ 
Herein,  we  report  two  types  of  "derivatives"  of  PBLG  wherein  each  type  retains 
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the  rod-like  character  of  the  helical  backbone:  type  1,  the  poly(glutamate)  side- 
chains  have  been  replaced  by  NLO  (nonlinear  optics)  chromophores,1  and  type  II, 
the  N-terminus  of  the  polypeptide  was  labelled  with  a  disulfide-containing 
moiety  which  allows  the  helices  to  spontaneously  adsorb  (self-assemble)  from 
solution  onto  gold  surfaces.-  Thus,  NLO-active  polypeptides  in  (oriented) 
macroscopic  films  and  self-assembled  monolayers  are  possible  wherein  the  u- 
helical  secondary  structure  persists. 


POLYPEPTIDE  DERIVATIVES 

PB1.G  belc  igs  to  that  class  of  synthetic  homopolvpeptides— the 
polv(glutamates) — which,  under  certain  conditions,  exhibit  lyotropic  (i.e,  in 
solution)*’  or  thermotropic  (in  the  melt)1-  liquid  crystalline  phases  depending  on 
the  character  of  the  sidochain.  Sideehain  derivatization  via  transesterification  is 
normally  done  starting  from  po!y(L-glutamic  acid),  poly(y-methvl-l. -glutamate) 
[I’MI.G],  or  PBl.G.  1’BLG  was  the  most  exclusively  studied  of  these  polypeptides 
because  of  its  availability  and  excellent  solubility  properties.  As  the  parent 
molecule  itself,  derivatives  of  the  poly(glutamate)s  normally  exhibit  the 
characteristic  stability  of  the  e-helical  conformation  of  PBl.G. 


Type  !.  Nl.O-Actree  Sideehain s 

We  have  prepared  polypeptide  materials  wherein  the  sideehain  was 
replaced  by  second-order  NI.O  chromophores  Figure  1  shows  the  general  scheme 
of  preparation  for  these  materials;  the  starting  homopolyptide  in  this  case  was 
I’MI.G.  The  NLO  chromophores  used,  3-(2-hydroxyoihoxv)-4-methoxy-4’- 
nitrostilbene  [3HEOMONS1  and  4-(2-hydroxyethoxy)-3-methvl-4'-nitrostilbene 
I4HEOXS),  both  have  an  electron  donor  group  at  one  end  of  the  conjugated 
structure  and  an  acceptor  group  at  the  other  end  of  the  molecule  These  molecules 
have  large  hyperpolarizabilities  (p)  making  them  excellent  second-order  NLO 
chromophores.11'14  The  type  of  linkage  of  the  chromophore  to  the  polypeptide 
backbone,  either  ortho  or  para,  could  influence  the  sideehain  secondary  structure 
of  the  polymer;  possible  structures  are  schematically  shown  in  Figure  1  The 
degree  of  substitution  affects  the  solubility  properties  of  the  polymer  The 
polypeptide  which  was  moderately  transesterified  with  -33'r  of  3HEOMONS 
[P(3HEOMONS)I.G|  forms  a  gel  phase  in  N,N-dimethylacetamide  (DMAc)  at  high 
concentrations  (20  weight  %  polymer)  at  room  temperature,  which  upon  heating 
to  about  45  °C  slowly  transforms  to  a  lyotropic  liquid  crystalline  phase.  The 
P(4HEONS)l.G  was  less  soluble  than  P(3HLG  M  ON  S )  LG,  apparently,  the 
chromophores  which  have  large  dipole  moments  were  able  to  stack  with  dipolar 
associations  in  between  neighboring  P(4H EONS)LG  helices  to  form  tightly  bound 
side-by-side  aggregates  of  the  polymer.  Solution-cast  films  from  both  polymers 
show  amide  vibrational  frequencies  that  are  characteristic  of  the  n-helical 
secondary  structure  1 

It  is  well  known  that  liquid  crystalline  solutions  can  be  aligned  in  a 
magnetic  or  electric  field 11  or  by  applying  mechanical  stress  to  the  solution  in  one 
direction  s  One  can  then  make  homogeneously  (planar)  aligned  films  from  this 
same  solution  by  drying  For  example,  a  thermomechanicnlly  aligned 
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Figure  1  Transesterification  of  PMLG  with  second-order  NLO-active 
chromophores  (see  text);  PTA  =p  -toluenesulfonic  acid 
catalyst,  EDC  =  ethylene  dichloride  solvent.  Typical  reaction 
condition:  PMLG  (15%  in  EDC,  6  g),  3UEOMONS  (  5  times 
excess,  10  2  g),  and  PTA  (3  times  excess,  3.6  g)  dissolved  in  120 
mL  EDC  at  60  °C,  24  h.  The  figures  on  the  right  are  schematic 
diagrams  of  possible  structures  for  the  polypeptides. 
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P(3HEOMONS)LG  film  was  prepared  trom  a  dilute  solution  in  DM  Ac  by  slowly 
{over  24  hours)  drying  the  solution  on  a  glass  substrate  that  had  a  temperature 
gradient;  the  polymer  solution  dried  first  on  the  hot  side  of  the  substrate  resulting 
in  a  film/solution  interface  that  moved  slowly  to  the  cool  side.  This  slow 
movement  of  the  interface  caused  mechanical  stress  which  produced  a  partially 
homogeneous  alignment  as  can  be  observed  between  crossed  polars  in  a 
microscope.'  The  lyotropic  phase  that  formed  upon  drying  yields  a  suitable 
matrix  for  the  NTI.O  chromophores  wherein  the  repulsive  interaction  between  the 
polypeptide  rods  caused  partial  alignment  of  the  NLO  chromophores  that  was 
maintained  in  the  film  Figure  2  shows  the  linear  ultraviolet  (UV)  dichroism  of 
the  chromophore  in  the  aligned  P(3HEOMONS)LG  film;  a  higher  absorbance  was 
observed  from  the  geometry  with  the  long  helix  axis  parallel  to  the  electric  vector 
of  incident  polarized  light  than  from  the  perpendicular  geometry.  The  dichroic 
ratio  (A||/AG  of  this  aligned  chromophore  is  1-5  Since  the  transition  moment  of 

the  chromophore  is  almost  parallel  to  the  molecular  axis,'h  the  UV-dichroism 
confirms  the  alignment  of  the  chromophores  along  the  helix  alignment  direction. 

A  basic  requirement  for  large  second-order  NLO  activity  is  a  non- 
centrosymmetric  packing  of  the  chromophores  in  the  bulk  material;  for  practical 
optical  applications,  one  major  challenge  is  the  preparation  of  NLO  materials  with 
the  required  temporal  stability  of  this  non-centrosymmetric  order.17  In  the  film 
described  above,  only  the  molecular  axes  of  the  chromophores  were  aligned  (by 
excluded  volume  packing  considerations).  There  is  apolar  symmetry:  the 
probabilities  of  finding  the  dipole  moment  in  parallel  and  antiparallel  orientation 
are  the  same,  that  is,  the  non-centrosymmetric  requirement  for  second-order  NLO 
activity  remains  unsatisfied.  This  means  that  electric  poling  is  needed  to  induce 
the  chromophores  into  a  non-centrosymmetric  order.  Figure  3  shows  a  schematic 
diagram  of  a  corona  poling  experiment.  A  polypeptide  on  a  conducting  surface, 
such  as  indium  tin  oxide  (ITO)-coated  glass  is  subjected  to  a  poling  field:  a  large 
potential  was  applied  between  the  tungsten  tip  and  the  1TO  surface  causing  charges 
to  accumulate  in  the  air/film  interface  and  equal,  opposite  charges  in  the  film/ITO 
interface;  this  in  turn  results  in  a  large  electric  field  in  the  order  of  MV/cm 
through  the  film.  This  field  interacts  with  the  permanent  dipole  moments  of  the 
chromophores  yielding  a  net  polar  orientation  in  a  mobile  phase  at  elevated 
temperature  that  can  be  retained  below  the  glass  transition  temperature  (T^)  of  the 
poled  film. 

The  second-order  NLO  property  of  the  derivatized  polypeptide  may  then  be 
characterized  by  measuring  the  second  harmonic  generation  (SHG)  which  is 
directly  related  to  the  second-order  nonlinear  susceptibility,  x(2',  of  the  material. 
When  a  very  intense  light  (e.  g ,  laser  light)  of  certain  frequency  is  passed  through 
a  second-order  NLO  material,  the  frequency  of  the  transmitted  (harmonic)  light  is 
double  that  of  the  incident  light;  in  SHG  experiments,  the  frequency-doubling 
efficiency  of  the  material  is  measured  In  Figure  4,  the  change  in  the  SHG  intensity 
was  monitored  as  a  function  of  temperature  while  poling  the  film;  the  incident 
light  was  an  infrared  laser  (1064  nm)  and  the  harmonic  light  is  in  the  visible 
region  (532  nm).  The  polymer  system  has  35%  covalently  linked  3HFOMONS  in 
the  backbone  and  does  not  absorb  light  above  500  nm  wavelength  which  is  far 
awry  from  the  resonance  excitation.1  The  slow  initial  rise  in  the  SHG  intensity 
belov.  the  Tfi  (=  81  °C)  of  the  polymer  indicates  some  poling  effect  on  the 
chromophores  which  implies  slight  chromophore  mobility  even  in  the  glassy  state 
of  the  polymer;  the  SHG  signal  gradually  increased  as  the  free  volume  in  the 
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Figure  2.  Linear  UV  dichroism  of  thermomechanically  oriented 
film  of  P(3HEOMONS)LG. 


Figure  3  Schematic  drawing  of  a  corona  poling  experiment 


168 


polymer  increased  with  temperature  The  SHG  signal  reached  a  maximum  just 
above  the  Tg  for  this  polymer  and  then  decreased  again  on  further  healing.  The 
decrease  in  SHG  above  the  Tg  was  a  concerted  effect  arising  from  (a)  the  increased 
thermal  energy  of  the  chromophores,  and  (b)  the  increased  conductivity  of  the 
polymer  due  to  increased  temperature  and  increased  polar  alignment  of  the 
chromophores,  which  diminished  the  charges  on  the  interfaces  thus  lowering  the 
net  poling  field  Overall,  this  suggests  an  optimum  poling  condition  for  the 
polymer  which  may  vary  from  polymer  to  polymer.  A  hysteresis  was  observed 
upon  cooling,  which  was  again  a  complicated  function  of  the  factors  mentioned 
above.  As  the  system  was  further  cooled  below  the  chromophores  reduce  their 
mobility  and  re  align  due  to  packing  effects  in  the  helix  array.  [The  orientation  of 
the  polypeptide  rods  <~  500  repeat  units)  is  not  affected  by  the  poling  field  and 
remained  parallel  to  the  substrate  surface  in  these  solid  films.)  At  room 
temperature,  there  was  a  net  SHG  signal  indicating  that  some  polar  alignment  of 
the  chromophores  remains  fixed  in  the  polymer  matrix.  This  alignment  was 
found  to  be  relatively  stable  in  time  compared  with  the  isotropic  system  of  say, 
polyfmethyl  methacrylate)  doped  with  the  same  chromophore.  This  enhanced 
stability  is  attributed  to  the  nature  of  the  excluded  volume  in  the  close-packed 
array  of  the  helices. 

If  the  helices  can  be  aligned  homeotropically,  that  is,  perpendicular  to  the 
substrate  surface,  then  a  larger  net  SHG  signal  is  expected.  To  date,  homeotropic 
alignment  has  not  been  achieved  in  solid  polypeptide  films 


Figure  4.  SI1G  intensity  of  P(3HF,OMONS)LG  during  heating  and  cooling 
while  poling;  -12.5  KV  of  corona  potential  was  applied  to  the 
tip  of  the  tungsten  needle  which  was  1.5  cm  above  the  sample. 
The  angle  of  the  sample  normal  with  respect  to  the  laser  beam 
was  52°.  The  lines  arc  plotted  only  as  guide  to  the  reader 
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Type  II.  ChriniSiir/itivr  End-group 

PBl.G  may  also  he  functionalized  at  the  amino  end  of  the  polypeptide  by  a 
disulfide-containing  moiety  (hereon  referred  to  as  PBl.GSS,  Figure  5)z  This  latter 
technique  utilizes  the  self-assembly ,H  procedure  for  preparing  well-ordered 
monolayers  of  organosulfur  compounds  on  gold  substrates.  In  the  case  of  long- 
chain  alkanethiolates  on  gold,’9  the  self-assembled  monolayer  is  analogous  to  an 
orthogonal  two-dimensional  crystallization  of  the  molecules  at  the  gold  surface 
owing  to  the  strong  affinity  of  sulfur  to  the  metal  and  the  strong  van  der  Waals 
interaction  between  the  long  (>  10  C  atoms)  alkyl  chains.  In  the  case  of  PULGSS, 
the  monolayer  that  is  formed  in  the  self-assembly  is  unique  in  that  n-helical 
chains  are  all  tethered  to  the  gold  at  the  N'-terminus  with  the  potential  for  creating 


R  =  CH2CH2CO  OCH2C6 Hs 


Figure  5.  Primary  structure  of  the  disulfide-labelled  PUl.G — PBLGSS. 


Figure  6  Pressure-area  isotherm  for  PBLG  (viscosity  average  molecular 
weight  =  20,100)  at  an  air/water  interface  at  25  °C. 
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an  average  polar  orientation  in  the  monolayer  The  disulfide-labelled 
P8LG — PBLGSS — thus  presents  a  route  to  preparation  of  a  single  monolayer  of 
helices  on  gold  surfaces  via  the  chemisorption  interaction  of  the  disulfide  to  gold. 
This  is  in  contrast  to  the  unlabelled  PBLG  samples  that  may  be  either  physisorbed 
from  solution  or  prepared  by  deposition  of  condensed  monolayers  at  an  air/water 
interface  onto  the  solid  substrate  [Langmuir-Blodgett  (LB)  technique20]  where  the 
interaction  will  be  of  a  non-specific  nature  between  the  peptide  units  and  gold 

Figure  6  shows  a  typical  pressure-surface  area  isotherm  for  PBLG  (viscosity 
average  molecular  weight  =  20,100)  at  the  air/ water  interface.  The  PBLG  rods  lie 
flat  at  the  interface21'22  and  are  compressed  to  a  condensed  monolayer  just  before 
the  plateau.  Right  at  the  plateau  region,  the  rods  start  to  roll  on  top  of  one 
another;  this  region  of  the  isotherm  is  assigned  to  the  monolayer-bilayer 
transition.  Subsequent  deposition  of  this  monolayer  (or  bilayer)  onto  a  solid 
substrate  results  in  a  planar  orientation  of  the  rods  on  the  substrate  surface.21'22 
The  self-assembled  PBLGSS,  in  comparison  with  this  LB-deposited  monolayer, 
shows  a  different  average  orientation  of  the  helices  as  examined  by  a  number  of 
surface  analytical  techniques.2  Angle  dependent  X-ray  photoelectron  spectroscopy 
(ADXPS)  presents  a  depth  profile  of  relative  atomic  composition  in  the  film;  it  was 
found  that  the  sulfur  was  indeed  bound  closer  to  the  gold  surface  than  the  rest  of 
the  polypeptide.  The  thicknesses  of  the  films  measured  from  ellipsometry  as  well 
as  ADXPS  indicate  thicker  (about  1.5  times)  films  of  PBLGSS  than  the  LB  PBLG 
single  monolayer  on  the  gold  surface;  this  is  further  corroborated  by  the  RA-1R 
results.22  The  dichroic  properties  of  the  amide  vibrational  frequencies,24  as 
measured  in  the  RA-IR  spectra,  show  that  the  average  orientation  in  the  PBLGSS 
film  is  non-planar.  The  amide  1  band  (1656  cm'1)  has  a  dichroic  ratio  (A^/A^  >  1; 
for  the  amide  II  band  (1550  cm'1)  (A(|/Ai)  <  1.  In  the  grazing  angle  RA-IR 
experiment  the  light  is  polarized  perpendicular  to  the  metal  surface,  therefore, 
only  those  components  of  the  vibrational  moments  along  the  same  direction  are 
excited.25  It  can  be  seen  in  Figure  7  that  for  the  PBLGSS  film  there  was  enhanced 
intensity  of  the  amide  I  band  compared  with  the  amide  II  band;  the  opposite  trend 
was  observed  for  the  PBLG  LB  films.  Apparently,  in  the  PBLGSS  film  there  is  an 
isotropic  orientational  distribution  of  the  helices22  as  schematically  depicted  in 
Figure  7.  These  results  are  promising  in  that  it  shows  that  tethering  the  helices 
onto  a  substrate  vn  a  chemisorptive  moiety  allows  them  to  adoot  an  "unnatural" 
orientation,  that  is,  non-planar,  and  possibly,  by  appropriate  derivatization  of  the 
PBLG  sidechains  a  better  control  of  this  orientation  may  be  achieved.  This,  in  (act, 
could  be  a  route  to  preparing  a  homeotropically  aligned  film  of  a-helices  with  NLO 
chromophores  at  its  sidechains  (see  above) 


CONCLUDING  REMARKS 

Polypeptides  that  have  inherently  stable  «-helical  conformation,  e,  g.,  PBLG- 
type,  show  promise  either  as  a  matrix  for  NLO  chromophores  or  in  the  fabrication 
of  interfaces  that  have  well-defined  spatial  and  orientational  organization.  The 
amenability  of  changing  the  sidechain,  backbone,  and/or  end-group  functionality 
of  these  polymeric  materials  presents  unusual  versatility  with  regards  to  the 
design  of  novel  materials. 
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ABSTRACT 

Biopolymer  self  assembly  in  heterogeneous  lipid  monolayers  at  the  air-water  interface 
was  investigated.  Fluorescence  microscopy  allowed  the  visualization  of  protein 
recognition  and  binding  to  these  microstructured  membranes.  Mimicking  protein- 
induced  membrane  microstructuring  and  protein  docking  was  achieved  in  ternary 
mixed  lipid  monolayer  systems. 

INTRODUCTION 

Considerable  research  activity  has  been  focused  on  the  technological  applications 
of  organized  organic  ultrathin  films.  Langmuir-Blodgett  (LB)  films,  monomolecular 
and  polymeric  thin  films  at  the  air-water  interface  and  self-assembled  films  have  been 
used  as  non-linear  optical  devices,  waveguides,  physical,  chemical  and  biological 
sensors,  and  insulators.  Potential  use  of  self-assembled  and  LB  films  in 
microlithography,  lubrication,  molecular  electronics,  synthesis  of  advanced  materials 
and  molecular  devices  have  also  been  noted. 

LB  films  and  self-assembled  monolayers  possess  several  characteristics  which  lend 
themselves  to  device  fabrication.  In  particular,  on  the  atomic  scale  these  ultrathin 
films  are  highly  organized.  Thus,  when  anisotropic  arrangement  of  molecules  is 
required,  thin  film  assemblies  are  excellent  candidates.  Books  by  Ulman'  and 
Roberts-’  offer  excellent  reviews  on  the  technological  applications  of  these  systems. 

Incorporation  of  biopolymers  into  mono-  and  multi-layered  assemblies  leads  to 
functionalized  hybrid  thin  films  that  can  mimic  natural  processes.  Examples  include 
use  of  photorcaction  centers  in  holographic  arrays,  membrane  channels  in  sensors,  and 
enzymes  in  bioreactor  assemblies.  However,  biopolymer- membrane  interactions  are 
poorly  understood.  Furthermore,  selectively  accessing  defined  regions  of  thin  films  is 
crucial  for  optical  device  development.  Only  after  membrane-macromolecule 
interactions  are  fully  understood  can  we  expect  to  employ  these  systems  as 
technologically  useful  devices. 

We  present  here  our  investigations  on  lipid  membrane  microstructures  and  lipid- 
protein  self-assembly.  Our  previous  work  has  demonstrated  assembly  of  other 
proteins  in  thin  film  arrays.’  "  In  this  contribution,  we  extend  our  previous  work  with 
the  membrane-active  enzyme  phospholipase  A;  (PLA2)  and  its  self-assembly  on 
heterogeneous  membrane  interfaces.  PLA2  catalyzes  the  hydrolysis  of  the  sn-2  acyl 
ester  bond  in  phospholipids.  The  result  of  PLA;  action  on  phospholipid  monolayers 
at  the  air-water  interface  is  the  creation  of  a  ternary  phase  separated  interface 
consisting  of  phospholipid,  lysophospholipid,  and  fatty  acid. 

PLA2  forms  two-dimensional  domains  directly  beneath  phase  separated  fatty  acid 
microstructurcs  in  these  ternary  mixed  systems.  Characterization  of  the  ternary  mixed 
monolayer  system  has  shown  that  the  physical  state  and  charge  density  of  the  interface 
are  important  for  2-D  enzyme  domain  formation.  More  importantly,  we  are  able  to 
induce  phase  separation  in  ternary  mixed  monolayers  in  the  absence  of  enzyme. 
Mimicking  enzyme-induced  interfacial  phase  transformation  is  one  important  step  in 
constructing  biomimetic  devices. 


Mat.  He*.  Soc.  Symp.  Proc  Vol.  292.  '  1993  Material*  Research  Society 


176 


EXPERIMENTAL 

Video-Enhanced  Epifluorescence  Microscopy  of  Lipid  Monolayers  and  Lipid-Protein 
Microstructures  at  Air-Water  Interfaces 

Recently,  fluorescence  microscopes  have  been  configured  to  allow  direct 
visualization  of  lipid  monolayer  films  at  the  ait-water  interface4*;  domains  of 
organized  amphiphilic  molecules  formed  by  a  monolayer  phase  transition  from  liquid- 
expanded  to  solid-condensed  physical  states  are  normally  observed.4'7  Analogously, 
this  technique  has  also  proven  valuahle  to  study  interactions  of  labeled  proteins  with 
monolayers.*'"  Protein  labeled  with  a  fluorescent  marker  is  introduced  into  the 
subphase  under  a  lipid  monolayer  and  its  interactions  with  the  layer  monitored  both 
visually  over  time  and  as  a  function  of  lipid  physical  state.  A  specially  designed 
miniaturized,  thermostated  Langmuir  film  balance  on  the  stage  of  an  epifluorescence 
microscope  limits  the  required  quantities  of  protein  to  microgram  scales.12 

Phospholipase  A>  -  Phospholipid  Monolayer  Studies 

Various  phospholipids  were  spread  as  pure  monolayers  and  compressed  into  their 
phase  transition  regions,  providing  a  physically  heterogeneous  monolayer  surface 
comprising  fluid  lipid  coexisting  with  domains  of  solid  phase  organized  lipid. 
Fluorescein-labeled  phospholipase  A,  (PLA;,  Niija  naja.  Sigma,  500-2500  U/mg)  was 
introduced  under  these  monolayers  and  the  hydrolytic  reaction  of  the  enzyme  against 
the  monolayer  followed  under  the  microscop:. 

Cationic  Dve  Binding  Studies 

Cationic  water-soluble  fluorescent  dye,  1,1, 3,3.3 ,3  -hexamethylindocarbocyanine 
iodide  (H-379,  Molecular  Probes,  Eugene,  OR)  was  dissolved  in  buffer  (0.4  ^M). 
Ternary  mixed  mono'-yer  systems  of  dipalmitoylphosphatidylcholine  (DPPC),  palmitic 
acid  (PA),  and  lysopalmitoylphosphatidvlcholine  (LysoPC.  Avanti  Polar  Lipids, 
Birmingham.  AL)  containing  1  mo!%  lipid-fluorescein  dye  were  spread  from 
chloroform  solutions  onto  buffered  subphases  „t  3()°C.  Various  ratios  of  DPPC  to 
equimolar  concentrations  of  palmitic  acid  and  LysoPC  (e.g.,  1:5:5,  DPPC:LysoPC:PA; 
were  examined.  These  monolayers  w'ere  compressed  under  the  fluorescent 
microscope  until  substantial  monolayer  phase  separation  was  observed  (typically  25-3  ) 
mN/rn  surface  pressure).  H-379  solution  was  then  carefully  injected  into  the  subphase 
underneath  the  phase-separated  monolayer  and  observed  through  a  rhodamine  fillet. 13 

RESULTS  AND  DISCUSSION 

PLA,  Hydrolysis  of  Phospholipid  Monolayers 

Figure  1  depicts  time  dependent  L-cx-DPPC  lipid  monolayer  hydrolysis  by  PLA2. 
Shown  is  the  enzyme  recognition,  binding,  hydrolysis  and  ultimately  protein  domain 
formation.  Figure  1A  shows  the  lipid  monolayer  as  seen  through  the  rhodam.ne  filter, 
while  Figure  IB  shows  the  same  image  through  the  fluorescein  filter  where  signal  is 
generated  by  fluorescently  labeled  enzyme  under  the  monolayer  immediately  after 
injection.  Starting  from  timepoint  zero  (immediately  after  PLAj  injection)  the  enzyme 
binds  to  phospholipids  in  the  monolayer  and  starts  to  hydrolyze.  PL  A,  hydrolysis  as 
observed  through  the  rhodamine  filter  proceeds  from  the  initial  binding 
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Figure  l  (previous  page).  Real-time  fluorescent  observation  of  L-u-DPPC 
monolayer  solid  domain  hydrolysis  by  PLA,.  Surface  pressure  =  22  mN/m. 
buffered  subphase  at  30  °C  Monolayer  filter  (Rhodamine).  A  Time  -  f) 
(immediately  after  fluorescein-PLA,  injection  in  subphase).  15,  E.  25.  G  W) 
min.  PLA,  filter  (fluorescein):  Images  in  B,  I),  F,  II,  correspond  to  times  of  A,  t\ 
E,  and  G,  respectively.  Scale:  white  bar  in  A  =  25  p m. 

sites  on  the  interfacial  boundary  between  solid  and  liquid  phases  into  the  interior  of 
the  solid  lipid  domains  (Figures  IC,  E).  Observation  through  the  fluorescein  filter 
(Figure  ID)  shows  that,  at  certain  locations  in  the  partially  hydrolyzed  monolayer, 
bright  domains  of  enzyme  have  formed.  These  domains  of  labeled  enzyme  increase  in 
size  as  hydrolysis  continues  with  time  (Figure  IF)  At  later  timepoints  (hi)  minutes. 
Figure  1G),  enzyme  hydrolysis  has  destroyed  nearly  all  solid  domains.  Moreover,  the 
small  enzyme  aggregates  seen  at  earlier  timepoints  (Figure  ID,  F)  have  grown  to  form 
large,  regular  enzyme  domains  of  consistent  morphology  (bright  domains  seen  with 
fluorescein  filter.  Figure  1H).“ 

A  mechanism  for  the  formation  of  organized,  two-dimensional  enzyme  domains 
within  monolayers  of  phospholipids  is  proposed  in  Figure  2.  Active  enzyme  under  the 
layer  recognizes  its  substrate,  binds  to  the  monolayer  and  hydrolyzes  in  an  interfacial 
region  between  liquid  and  solid  lipid  phases.  Slight  increases  in  surface  pressure  after 
enzyme  injection  indicate  that  PLA,  penetrates  into  the  monolayer  during  it*,  inter¬ 
facial  recognition  of  the  substrate  in  the  monolayer.  After  a  critical  degree  of  hydro¬ 
lysis.  products  of  hydrolysis-lvsolipids  and  fatty  acids--build  up  in  the  localized  regions 
of  the  monolayer.  Phase  separation  of  these  products  from  pure  lipid  is  proposed  to 
occur,  leading  to  areas  of  increased  charge  density  in  the  case  of  fatty  acids.  Fnzynie. 
with  its  relatively  basic  character,  may  then  be  prompted  to  bind  and  build  domains  in 
these  areas  of  localized  negative  charge  (fatty  acid),  leading  to  the  enzyme  domain 
phenomenon  witnessed  in  DPPC.  DM  PC  and  DPPE  monolayers.''1 "  Fatty  acid  charge 
density  appears  to  he  critical  as  phase-separated  dense-packed  solid  domains  of 
diacetylenic  fatty  acid  adsorb  no  PLA..11  while  less  organized  fatty  acid  domains  do 
adsorb  enzyme.  Additionally,  work  has  suggested1*  that  the  phospholipid  head  group 
is  necessary  for  PLA,  domain  formation  in  conjunction  with  anionic  phase  separation. 

Figure  2,  Proposed  mechanism  ''or 
recognition,  binding,  hydrolysis  and 
PLA.  domain  formation  prompted 
by  critical  concentrations  of  hydro¬ 
lytic  products  mixed  with  substrate 
lipids  m  phospholipid  monolayers. 

A  injection  of  PLA,  into  aqueous 
lipid  monolayer  subphase.  B.  Ln- 
zyme  recognition  and  binding  to 
lipid  interface  (\  Hydrolysis  of 
monolayer  by  PLA,  with  buildup  of 
hydrolysis  products  (lysohpid  and 
fatty  acid).  D.  Organization  of 
bound  PLA,  into  protein  domains  at 
the  lipid-water  interface  prompted 
by  critical  concentrations  and  phase 
separation  of  hydrolysis  products  in 
the  monolayer  (from  ref  10). 
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Cationic  Dve  Binding  to  Phase  Separated  Microstructurgs  in  Mixed  Monolayers 

Figure  3  shows  results  of  the  water-soluble  cationic  fluorescent  dye.  11-37'). 
oinding  to  phase  separated  areas  in  ternary  mixed  monolayers  of 
DPPC:LysoPC:palmitic  acid  (0  2:1:1,  mohmohmol).  The  grey  character  of  these 
domains  has  been  attributed  to  phase  separation  of  fatty  acid  components  within  the 
monolayer.9 10 14  Different  stoichiometric  mixtures  of  DPPC:LysoP(',PA  (always 
maintaining  LysoPC:PA  =  1:1)  demonstrate  these  grey  domains  as  well. 
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Mixed  monolayers  of  PC,  lysoPC.  and  fatty  ncid  are  fluid 
Phase  separation  of  membrane 

Domains  visualized  by  membrane  packing  differences 
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•  Cationic  dye  binds  selectively  to  anionic  membrane 
domains 

-  Visualize  docking  of  dye  to  domains 


Figure  3.  Binding  of  water-soluble  cationic  1 1370  to  phase  separated  regions  in 
ternary'  mixed  monolayers.  Surface  pressure  =  25  mN/m,  buffered  subphase  at 
30'C,  DPPC:l.ysoPC:PA  ratio  =  1:5:5  (mohmohmol).  Fluorescein  filter:  Shown 
are  phase  separated  fatty  acid  microstructures.  Rhodamine  filter:  After 
injection  of  H-379  in  subphase,  dye  quickly  binds  to  phase  separated  region 
shown  in  rhodamine  filler.  Same  scale  as  Figure  1. 


The  use  of  cationic  dye  w'as  intended  to  probe  the  nature  of  these  phase 
separated  domains.  Data  from  zwitterionic  vesicle  systems1'  had  shown  strong 
adsorption  of  dye  to  vesicles  after  buildup  of  fatty  acid  after  PI. A,  hydrolysis.  Our 
approach  attempts  to  show  a  relationship  between  monolayer  fatty  acid  domains 
(negative  surface  charge)  analogous  to  those  created  by  PI. A,  hydrolysis  of 
phospholipid  monolayers,  and  cationic  dve  via  electrostatic  binding.  As  shown  in 
Figure  3.  grey  phase  separated  areas  seen  before  canonic  dye  addition  transform  to 
bright  fluorescing  domains  after  dye  addition,  demonstrating  a  rapid  and  stable 
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electrostatic  adsorption  of  11-379  to  selected  domains  at  the  interface  Dye  is  not 
adsorbed  if  no  fatty  acid  is  present  in  monolayer  mixtures.  Phase  separation  is  not 
observed  if  Ca‘"  is  not  present  or  subphase  pH  is  below  7.  These  results  present 
strong  evidence  in  line  with  our  hypothesis  (Figure  2)  that  these  phase  separated 
domains  are,  in  fact,  enriched  in  fatty  acid. 

In  conclusion,  model  biomembranes  can  provide  information  on  biopolyiner- 
amphiphile  and  amphiphite-amphiphile  interactions.  During  enzymatic  hydrolysis  of 
phospholipid  monolayer  films,  microstructuring  in  these  mixed  monolayers  leads  to  the 
formation  of  two-dimensional  protein  aggregates.  Enzyme-induced  monolayer 
microstructuring  is  mimicked  with  enzyme-free  ternary  mixed  monolayers. 

Compression  of  these  mixed  films  also  leads  to  fatty  acid  phase  separation.  These 
domains  are  selectively  accessed  through  the  use  of  a  water-soluble  cationic  dye,  11 
379.  H-379  adsorption  to  fatty  acid  domains  supports  our  hypothesis  on  PLAj 
interfacial  activity  in  monolayer  systems.  Most  importantly,  though,  we  have 
demonstrated  an  organizational  hierarchy  where  protein  aggregation  is  mediated 
directly  by  monolayer  microstructuring.  Understanding  and  mimicking  interfacial 
molecular  recognition  events  such  as  those  presented  here  are  significant  steps  in 
ultrathin  film-based  biological  device  fabrication. 
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ABSTRACT 


Cast  silk  membranes  exhibit  useful  properties.  However,  there  is  limited 
control  over  the  molecular  architecture  in  these  structures.  The  Langmuir-Blodgett 
technique  can  enhance  the  control  of  the  membrane  structure  and  allow  improved 
control  over  membrane  properties.  We  have  formed  natural  silk  monolayers  using 
the  Langmuir  technique.  Silk  fibroin,  regenerated  from  Bombvx  mori  cocoons, 
formed  stable  monolayers  evident  from  pressure/area  isotherms.  Multilayers  of  the 
silk  fibroin  monolayers  were  deposited  on  a  number  of  substrates  and 
characterized.  Transmission  Electron  Microscopy  (TEM)  and  ellipsometry  data 
provide  basic  information  about  the  physical  characteristics  of  the  monolayer. 
Preliminary  analysis  of  electron  diffraction  data  of  the  monolayer  indicate 
polycrystalline  structure,  consistent  with  the  known  structure  of  silk.  Infrared 
spectrometric  analysis  of  the  monolayer  using  Attenuated  Total  Reflectance  (ATR) 
gave  wavenumbers  for  Amide  I,  II,  III  and  V  bands  which  compare  with  the  silk  II 
conformation  reported  for  cast  silk  membranes. 


INTRODUCTION 


Over  the  centuries,  silk  has  been  valued  as  a  textile  fiber,  because  of  its 
qualities  of  strength,  elasticity,  softness,  lustre,  absorbency  and  affinity  for  dyes.  Silk 
fibroin  is  used  in  various  forms,  such  as  gels,  powders,  fibers,  or  membranes, 
depending  on  application.  Recently  [1-5]  silk  fibroin  has  been  used  as  an  excellent 
immobilization  matrix  for  enzymes.  As  a  biomaterial  it  has  many  advantages  over 
both  natural  and  synthetic  materials  used  in  biosensor  systems.  These  attributes 
include  its  biological  compatibility,  stablity  to  most  solvents  including  water,  good 
tensile  strength  and  elasticity  properties.  Silk  fibroin  has  been  used  as  a  surgical 
thread  due  to  its  excellent  mechanical  and  physical  properties,  good  thermal 
stability  and  microbial  resistance  [6].  Our  interests  lie  in  the  membrane  propedies  of 
silk  fibroin. 

Fibroin  is  the  primary  structural  element  in  silkworm  cocoon  silk  and  is 
embedded  in  a  glue-like  sericin  protein  matrix.  Fibroin  contains  a  unique  amino 
acid  composition  and  primary  structure.  Its  major  advantage  as  an  enzyme 
immobilization  matrix  is  that  it  entraps  the  enzyme.  This  entrapment  of  the  enzyme 
without  the  usual  cross-linking  chemicals  alleviates  a  major  problem  of  residual 
cross-linking  chemicals  in  the  matrix  which  can  deactivate  the  enzyme.  The 
entrapment  process  is  accomplished  by  physical,  chemical  or  mechanical  treatment 
of  the  membrane  (  e  g.,  change  in  temperature,  pH,  solvent,  mechanical  shear  or 
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stretch)  which  induces  a  phase  transition.  Bnmbvx  mori  silk  fibroin  has  been  used 
as  an  immobilization  matrix  for  enzymes  such  as  glucose  oxidase  (1-4),  alkaline 
phophatase  (7).  peroxidase  [5],  and  invertase  [8J. 

Silk  fibroin  has  three  known  conformations,  random  coil,  silk  i,  and  silk  II.  All 
three  conformations  can  be  prepared  by  the  appropriate  preparation  conditions  and 
each  is  interchangeable  under  certain  conditions  [9],  The  effect  of  casting 
temperature  and  initial  fibroin  concentration  during  membrane  formation  was 

studied  using  an  aqueous  silk  fibroin  solution  [10].  With  casting  solutions  above  50° 
C,  a  silk  II  conformation  was  obtained  irrespective  of  initial  fibroin  concentration. 

However,  casting  at  temperatures  below  40°  C  resulted  in  a  silk  I  conformation 
when  concentrated  fibroin  solutions  were  used,  and  random  coil  conformation  when 
dilute  solutions  were  used.  Solvent-induced  crystallization  or  conformation  has  also 
been  reported,  with  silk  II  induced  in  polar  hydrophilic  solvents  such  as  methanol 
and  silk  I  induced  in  hydrophobic  solvents  (11). 

Silk  structures  studied  for  phase  transitions  as  immobilization  matrices  have 
been  in  the  form  of  cast  membranes.  The  cast  silk  membranes  have  good  properties 
as  membrane  materials;  however,  the  casting  process  has  limitations.  There  is 
limited  control  over  the  thickness  of  the  membrane  or  the  density  and  the  orientation 
of  the  polymer  chains.  Since  the  functionality  of  these  membranes,  including 
permeability,  the  activity  of  entrapped  enzymes,  and  mechanical  integrity,  is 
dependent  in  part  on  conformation,  density,  and  orientation  of  the  polymer  chains, 
new  processing  techniques  to  control  these  properties  would  be  useful.  The 
Langmuir-Blodgett  (LB)  technique  is  used  in  this  study  in  an  attempt  to  enhance  the 
control  of  the  physical  processing  of  silk  fibroin  protein. 

We  describe  the  formation  and  characterization  of  natural  silk  fibroin 
monolayers  using  the  LB  technique.  Some  basic  information  on  the  physical 
characteristics  of  the  monolayers  is  obtained  from  pressure-area  isotherms,  electron 
micrographs,  and  ellipsometry.  Analysis  of  the  monolayers  with  infrared 
spectroscopy  and  electron  diffraction  provides  insight  into  the  silk  conformation 
favored  at  ambient  temperature  and  the  expected  polycrystalline  order  of  the  silk 
monolayer. 


EXPERIMENTAL 


B.  mori  cocoon  silk  was  regenerated  as  shown  in  Figure  1.  A  Pasteur  pipet 
was  used  to  apply  the  solubilized  silk  to  a  Lauda  Filmbalance  FW2  (Brinkmann  Instr. 
Inc.,  Westbury.  NY).  To  study  pressure/area  isotherms,  the  silk  fibroin  was  added  to 
the  surface  of  a  Midi  Q  water  subphase  at  24°  C  with  a  compression  rale  of  46 

cm^/min.  Transmission  Electron  Microscopy  (TEM)  was  performed  on  the 
monolayers  using  a  Hitachi  H  600  (  Rockville,  MD)  with  samples  collected  from  the 
surface  cf  the  trough  using  T  1000  grids.  The  TEM  samples  were  air  dned  at  room 
temperature.  Fourier  Transform  Infrared  Reflectance  (FTIR)  Attenuated  Total 
Reflection  (ATR)  analysis  was  performed  on  a  Nicolet  20SXB  Infrared  Spectrometer 
(Madison,  Wl)  with  an  accessory  holder  for  ATR  (Harnck  Scientific  Co  ,  Ossining,  NY) 
Silk  samples  for  FTIR  analysis  were  collected  on  germanium  prisms  at  a  pressure  of 
16.7  mN/m,  a  dipping  -  peed  of  0  2  cm/min  and  a  temperature  of  20°  C.  The  silk  films 
were  deposited  on  \~  ;ted  glass  slides  under  the  same  conditions  used  for  the  FTIR 
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Figure  1.  Schematic  of  the  procedure  to  regenerate  (solubilize)  B.  mori  cocoon  silk 


samples  These  films  were  analyzed  on  a  Thin  Film  Ellipsometer  Type  43603-200E 
(Rudolph  Research,  Flanders.  NJ)  to  determine  the  thickness  of  the  transferred 
material.  The  refractive  indices  of  silk  fiber  1.591  and  1.538  were  used  as  a  guide  in 
ellipsomethc  calculations  of  film  thickness. 


RESULTS  &  DISCUSSION 


Figure  2  is  a  pressure/area  isotherm  of  the  soluble  silk.  The  consistent  repeat 
slope  and  stability  of  the  curve  indicate  film  formation.  It  should  be  noted  that  the  x- 
axis  of  the  isotherm  is  in  arbitrary  units  because  the  silk  fibroin  has  an  estimated 

molecular  weight  of  350  KDa  to  415  KDa{11]  which  exceeds  the  limits  of  the  Lauda 
software  program.  A  molecular  weight  of  75.53  was  used  as  the  basis  of 
standardizing  the  calculation  for  the  x-axis,  derived  from  the  amino  acid  composition 
of  fibroin  [12,13]  and  is  based  on  the  average  weight  of  each  amino  acid  monomer 
in  the  silk  fibroin  polymer.  It  has  been  difficult  to  obtain  an  accurate  quantitation  of 
the  area  per  molecule  due  to  the  complex  secondary  structure  of  the  silk  fibroin 
protein. 
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Silk  fibroin  does  not  exhibit  the  typical  amphipathic  character  of  LB  materials 
suitable  for  monolayer  formation.  Also,  silk  fibroin  exhibits  unique  solubility 
characteristics  which  can  make  the  material  difficult  to  work  with  in  an  LB  system. 

Silk  fibroin  is  insoluble  in  volatile  non  polar  solvents  often  used  in  the  application  of 
surfactants  to  an  aqueous  subphase.  Silk  fibroin  is  also  insoluble  in  dilute  acids  and 
alkali,  and  resistant  to  most  proteolytic  enzymes,  [11,14],  but  soluble  in  9.3M  LiBr 
aqueous  solution.  After  dialysis,  the  solubilized  silk  fibroin  remains  in  solution  if 
undisturbed.  After  application  to  the  trough,  a  portion  of  the  polymer  enters  the 
aqueous  subphase.  This  event  is  evident  from  the  protein  residue  observed  when 
cleaning  the  trough.  This  unusual  solubility  behavior  adds  to  the  difficulty  in 
obtaining  an  accurate  determination  of  the  area  per  polymer  chain. 

The  silk  fibroin  films  demonstrate  excellent  stability  and  transfer  properties 
indicative  of  a  well  behaved  monolayer  system.  The  compression  barrier  has  been 
stabilized  for  half  hour  to  hour  time  periods  at  various  pressures  (10, 15,  20,  25,  30, 
35  mN/m)  with  no  indication  of  film  collapse.  Films  remained  stable  overnight  (16 
hrs)  without  a  change  in  area  when  studied  at  our  usual  working  pressure  for 
transfer  at  16.7  mN/m.  In  Figure  2,  a  typical  isotherm  for  silk,  there  is  no  sudden 
drop  in  surface  pressure  with  compression  which  would  be  indicative  of  a  collapsed 
film.  The  steady  rise  in  surface  pressure  of  the  isotherm  may  be  indicative  of  the 
increasing  resistance  to  dense  molecular  packing.  Upon  complete  collapse  of  the 
monolayer,  it  was  possible  to  remove  very  long  fibers  with  the  tip  of  a  pipet, indicative 
of  the  characteristic  strength  and  elasticity  properties  of  silk  [15,16], 

Table  1  presents  the  ellipsometry  data  for  silk  films.  The  data  provided  the 
relative  thickness  of  a  transferred  monolayer.  Many  biomolecvlar  materials  exhibit  V 
or  Z  type  deposition  [17],  We  believe  that  V  type  deposition  is  characteristic  of  the 
silk  fibroin  monolayer  based  on  our  observations  of  the  change  in  area  and  shape  of 
the  meniscus  at  the  air/water  interface  during  vertical  deposition.  The  average 
thickness  of  a  monolayer  determined  from  the  data  in  Table  1  was  approximately 
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Film  Characteristic 

Number  of  Lavers 

3 

5 

7 

Multi-Layer  Thickness  A 

37 

65 

94 

Calculated 

Monolayer  Thickness  A 

12.3 

13 

13.4 

Table  1.  Ellipsometry  data  on  silk  fibroin  LB  films  deposited  on  frosted  glass  slides. 

11 .6  to  11.9  A.  The  ellipsometry  data  indicated  that  the  average  thickness  increased 
with  the  number  of  layers  deposited.  Therefore,  by  extrapolation  back  to  a  single 
monolayer,  a  value  of  11.6  to  11.9  A  was  established. 

The  estimated  thickness  of  the  silk  monolayer  agrees  with  the  published 
structure  of  silk.  Silk  from  B.  mori  consists  of  antiparallel  6  sheets  as  first  described 
by  Marsh  et  al.  [18],  The  fibroin  consists  of  both  crystalline  (short  side  chain  amino 
acid  monomers  -  glycine,  alanine,  serine)  and  amorphous  (amino  acids  with  bulkier 
side  chains)  domains.  There  have  been  two  types  of  crystalline  structures  proposed 
for  silk,  silk  I  and  silk  II.  For  silk  II,  the  insoluble  and  more  stable  form  of  silk,  the 
reported  unit  celt  based  on  X-ray  diffraction  data  has  an  interchain  distance  of  9.4  A, 
a  fiber  axis  distance  of  6.97  A,  and  an  intersheet  distance  of  9.2  A  [1 8].  The 
intersheet  distance  of  9  2  A  is  close  to  the  estimated  monolayer  thickness  for  the  LB 
silk  film  based  on  the  ellipsometry  data.  Fraser  and  MacRae  (19]  used  X-ray 

reflections  for  silk  II  to  calculate  crystalline  domains  of  59  A  x  9?  A  x  22  A.  This 
would  mean  that  five  or  six  of  the  crystalline  chain  segments  of  several  fibroin  chains 
are  associated  in  a  crystalline  domain  [20]  as  compared  to  the  three  crystalline 
chains  that  form  a  unit  cell  of  silk  II.  The  smaller  crystalline  domains  in  the 
monolayer,  proposed  from  the  ellipsometry  data,  may  be  a  result  of  the  processing 
procedure  used  in  regenerating  the  silk  as  well  as  the  initial  unrestrained  spreading 
of  the  solubilized  silk  on  the  surface  of  the  trough. 

Infrared  spectroscopy  was  used  to  partially  characterize  the  structure  of  silk  in 
the  LB  film.  Yoshimizu  and  Asakura  [21],  in  a  study  on  cast  films  with  a  thickness  of 
100-250  pm,  employed  FTIR  (ATR)  to  determine  the  conformational  transition  of  the 
silk  membrane  surface  treated  with  methanol.  The  absorption  bands  observed  for 
membranes  treated  with  methanol  had  wavenumbers  of  1625  (amide  I),  1528 
(amide  II),  and  1260  cm'1  (amide  III),  characteristic  of  a  silk  II  structure.  Membranes 
without  methanol  treatment  showed  absorption  bands  at  1650  (amide  1),  1535 
(amide  II),  and  1235  cm"1  (amide  III),  which  were  assigned  the  random  coil 
conformation.  In  addition,  Asakura  et  al.  [22]  observed  that  the  amide  V  band  had  a 

frequency  of  700  cm'1  for  a  silk  II  compared  to  a  650  cm'1  for  the  random  coil 
conformation. 

Table  2  compares  the  FTIR  wavenumbers  for  cast  membranes  (silk  I,  silk  II) 
with  results  obtained  on  silk  fibroin  LB  films.  A  total  of  eleven  silk  layers  were 
deposited  on  a  germanium  prism.  Absorption  bands  were  observed  at  1624  (amide 
I),  1522  (amide  II),  1258  cm'1  (amide  III),  and  700  (amide  V).  A  pronounced 
shoulder  at  1260  cm'1  is  a  critical  feature  to  distinguish  silk  II  from  random  coil/silk  I 
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Absorption  Cast  Membranes  Sj|k  Rbrol| 

Sands  silk  I  Silk  II  LB  Films 


Amide  1 

1650 

1625 

1624 

Amide  II 

1535 

1528 

1522 

Amide  111 

1235 

1260 

1258 

Amide  V 

650 

700 

700 

Table  2.  Comparison  of  FTIR  wavenumbersfcm'1)  reported  for  cast  films  [21 ,22]  (silk 
I, silk  II)  versus  those  obtained  for  silk  fibroin  LB  films. 

in  cast  silk  films  treated  with  methanol.  In  the  FTIR  spectra  for  silk  fibroin  LB  film  we 
have  identified  this  shoulder  at  1 258  cm"1 .  This  confirms  that  at  least  part  of  the  silk 
fibroin  in  the  monolayers  has  a  silk  II  conformation. 

The  explanation  for  the  dominance  of  a  silk  II  structure  in  these  thin  films  may 
be  in  the  mechanical  forces  present  during  the  application  of  the  solubilized  fibroin 
to  the  surface  of  the  trough,  during  compression  of  the  surface  of  the  trough,  and/or 
during  transfer  of  the  silk  fibroin.  During  application  with  the  Pasteur  pipet  some 
shear  may  induce,  in  part,  a  silk  II  conformation.  The  silk  II  conformation,  due  to  its 
insolubility  in  the  aqueous  subphase,  would  form  the  thin  film.  Another  possible 
source  of  mechanical  shear  is  the  stretching  of  silk  fibroin  during  transfer  and 


Figure  3.  A  transmission  electron  micrograph  of  the  deposited  silk  fibroin  LB 
film  at  24°  C. 


Figure  4.  A  transmission  electron  micrograph  of  the  deposited  silk  fibroin  LB 
film  at  45°  C. 

deposition  on  solid  support.  Once  a  silk  fibroin  monolayer  is  formed  there  may  be 
resistance  to  transfer  and  deposition  by  interchain  forces  between  the  polymer 
chains.  The  energy  needed  to  break  these  interchain  forces  may  contribute  to  the 
phase  transition  of  the  deposited  material. 

Figure  3  is  a  TEM  of  the  LB  silk  fibroin  film  formed  at  24°C.  The  edge  of  the 
TEM  grid  appears  in  the  micrograph  as  the  black  areas  at  the  upper  and  lower 
corner,  while  the  dark  areas  in  the  field  are  assumed  to  be  thicker  regions  of  the  film 
The  clear  or  spherical  areas  in  the  micrograph  are  holes  in  the  film.  These  holes 
appear  irregularly  throughout  the  film  as  do  the  thicker  regions,  and  may  arise  during 
film  drying  on  the  TEM  grid.  This  conclusion  is  supported  by  the  absence  of  these 
holes  in  some  films.  The  physical  appearance  of  the  film  is  affected  by  the  drying 
and  processing  conditions.  Figure  4  is  a  micrograph  of  a  silk  fibroin  LB  film  where 

the  temperature  of  the  subphase  was  elevated  to  45°C  The  physical  appearance  of 
the  film  is  different  from  that  seen  in  Figure  3.  The  film  has  striations  throughout-  The 
small  dark  cubic  shapes  in  the  film  are  crystals  of  LiBr  not  removed  during  dialysis. 
Altering  the  temperature  of  the  subphase  imparts  significant  changes  in  the  physical 
appearance  of  the  silk  fibroin  film.  Further  studies  are  underway  to  correlate  the 
physical  environment  of  the  subphase  and  drying  conditions  of  transferred  films  with 
the  structure  of  the  LB  silk  film  lormed. 

Figure  5  shows  a  micrograph  of  an  electron  diffraction  pattern  of  an  LB  silk 
fibroin  film.  The  electron  diffraction  pattern  is  typical  of  a  polycryslallme  material 

which  is  characteristic  of  silk  Minoura  et  a!.  [23]  and  Magoshi  et  al.  [10]  have 
published  X-ray  diffraction  data  on  cast  silk  thick  films  which  have  similar  patterns  as 
those  observed  here  for  the  LB  silk  fibroin  film.  Asakura  et  al.  [22]  and  Minoura  et  al 
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[23],  using  X-ray  diffraction,  observed  that  the  preparation  and  physical  treatment  of 
silk  films  are  critical  factors  in  determining  whether  silk  I  or  silk  II  structures  form.  We 
have  yet  to  confirm,  with  electron  diffraction,  whether  the  silk  present  in  these 
monolayers  is  silk  I  or  silk  II.  Based  on  the  IR  data  discussed  earlier,  we  expect  a  silk 
II  conformation  to  be  confirmed  for  the  conditions  under  which  these  films  were 
prepared.  Under  the  appropriate  conditions,  using  the  Langmuir  method,  it  may  be 
possible  to  obtain  a  well  oriented  silk  I  film.  This  would  provide  a  unique  opportunity 
to  experimentally  characterize  the  silk  I  structure  since  this  structure  has  eluded 
definitive  structural  characterization  due  to  its  metastable  state. 


Figure  5.  Electron  diffraction  pattern  of  silk  fibroin  LB  film. 
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ABSTRACT 

Phycobiliproieins  form  highly  efficient  light  absorbing  systems  in 
certain  algae.  Wc  have  investigated  the  charge-transport  phenomena  in  these 
proteins  by  analyzing  the  dark  current-voltage  and  photocurrcnt 
characteristics  obtained  across  Au-phycobtliprotctn- Au  samples.  A 
photovoltaic  effect  was  observed  for  Au-phycoerythrin-At  sample  At  low 
intensity  levels,  the  photocurrcnt  closely  follows  Onsagcr’s  law  of  geminate 
recombination  in  three  dimensions. 

INTRODUCTION 

Phycobiliproieins,  porphyrins  and  carotenoids  in  supramolccular 
assemblies  play  a  central  role  in  energy  and  electron  transfer  processes  in 
natural  systems.  Stacked  porphyrin  systems  have  been  proposed  as  potentially 
useful  materials  in  the  fabrication  of  photovoltaic  devices  of  exceptionally 
high  performance  and  efficiency  fl-2J. 

Photodynamic  proteins  containing  small  pigment  chromophores  form 
the  photosynthetic  apparatus  in  plants  and  algae.  Photosynthetic  pigments 

comprise  a  broad  category  such  as  chlorophyll,  bilins  and  carotenoids  The 
role  of  chlorophylls  and  bilins  have  been  well-established  in  the  light- 
harvesting  process  [3). 

In  algae,  phycobiliproieins  form  large,  highly  organized 
supramolccular  antenna  complexes  called  phycobilisomcs.  These  complexes 
arc  responsible  for  harvesting  visible  light  [4-5 1.  Studies  on  these  complexes 

have  been  on  isolation  and  separation  of  the  individual  pigment  proteins  from 
their  native  environments  |6|.  crystallographic  structure  determination  [7). 
and  the  absorption  and  fluorescence  properties  [8-9]  of  these  molecules  and 
assemblies.  The  molecular  structures  of  some  of  the  phycobilins  arc  shown  in 
Figure  1.  Phycocrylhrin  (PE),  phycocyanin  (PC)  and  allophycocyanin  (APC) 
arc  the  individual  biliproteins  that  sclf-asscmblc  to  form  the  phycobilisomcs. 
The  most  remarkable  feature  of  this  supramolccular  complex  lies  in  the 
ordered  hierarchy  of  the  assembly.  The  absorption  and  fluorescence 
properties  of  each  of  these  individual  biliproteins  form  the  basis  for  this 

hierarchy.  These  assemblies  are  responsible  for  maximizing  the  efficiency  of 
light-harvest  and  energy  transfer  between  the  individual  biliproteins  down  to 
photosystem  II  [3-5J. 

In  an  earlier  study,  it  was  demonstrated  that  phycocrylhrin  can  be 
incorporated  into  conducting  polymers  creating  ordered  systems  possessing 

unusual  optical  and  electronic  properties  { 10).  In  the  present  investigation. 
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we  have  carried  ous  experiments  on  pure  proteins  in  order  to  understand  the 
charge-generation  and  charge-transport  phenomena.  These  results  have 
been  used  in  delineating  the  electron  transport  mechanisms  in  this  important 
class  of  proteins. 

<w  —  HN-Cys-CO —  </v 
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Figure  1  Molecular  structure  of  common  phycobilins 
(a)  phycocyanobilin  and  (b)  phycoerythrobtlin. 

EXPERIMENTAL 

Interdigitatcd  gold  electrode  geometry  was  used  for  photoconductivity 
measurements.  1tie.se  electrodes  consisted  of  digits  separated  by  15  pm,  and  of 
5000  A  length  and  1000  A  thickness.  A  drop  of  aqueous  protein  solution  was 
placed  on  the  electrode.  After  evaporation  of  the  solvent,  thin  insulating 
protein  films  sandwiched  between  the  Au  digits  were  obtained.  The  resistance 
of  these  films  was  of  the  order  of  several  megaohms. 


Figure  2  Experimental  setup  for  steady  state  photoconductivity 
measurements. 


The  experimental  setup  for  steady  state  photoconductivity 
measurements  is  shown  in  Figure  2.  Continuous  wave  (CW)  light  of 
wavelength  488nm  from  an  Ar+  laser  was  used  as  the  light  source.  The  light 
beam  was  chopped  at  15  Hz,  The  signal  across  a  1  mcgaOhm  resistor,  which  is  in 
series  with  the  sample,  was  detected  by  a  lock-in  detector.  The  sample  was 
mounted  on  a  cold  finger  type  cryostat  which  can  be  cooled  down  to  20  K  All 
the  measurements  were  done  in  a  vacuum  better  than  10"^  torr.  The 


absorption  spectra  of  the  proteins  in  the  thin  film  form  were  obtained  in  the 
UV- visible  range.  The  dark  current-voltage  characteristics  of  the  resulting 
metal-protein-metal  configurations  were  measured  in  air 

RESULTS  AND  DISCUSSION 

The  UV-visiblc  absorption  spectra  of  the  proteins  PC  and  PE  in  thin  Him 
form  are  shown  in  Figures  3(a)  and  (b).  Both  the  absorbance  and  fluorescence 
spectra  of  these  proteins  in  their  dried  thin  film  form  closely  resemble  their 
solution  spectra  (fluorescence  spectra  not  shown  here). 
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Figure  3  Absorption  spectra  of  (a)  phycocyanin  and  (b)  phycocrythrin. 
thin  films. 

The  dark  current-voltage  ( 1  -  V )  characteristics  of  the  Au-protcin-Au 
samples  were  determined  prior  to  optical  measurements.  Figures  4(a)  and  (b) 
show  the  1- V  characteristics  of  the  proteins  PE  and  PC  respectively,  as 
measured  in  air.  From  the  geometry  of  the  sample,  the  field  across  the  protein 
is  estimated  to  be  in  the  range  of  10s  -  I06  V/m.  The  non-linear  or  non-Ohmic 
nature  of  the  I-V  characteristics  is  apparent  from  the  figure.  Such  non-linear 
characteristics  could  arise  either  from  the  bulk  material  or  from  the 
mctal/tnsuiator  junctions.  In  the  latter  case  this  would  suggest  to  the 
formation  of  a  barrier  across  the  junction  or  a  possible  formation  of  space- 
charges  near  the  electrodes.  A  detaiied  analysis  o'  the  work  functions  of  the 
proteins  and  the  metal  forming  the  electrode  is  essential  for  further 
elucidation  of  these  characteristics. 
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Figure  4  The  current-voltage  characteristics  of  (a)  Au-PE-Au  and 
(b)  Au-PC-Au  in  air. 
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Phycoerylhrin  was  chosen  for  furlher  detailed  investigation  in  the 
prcscnl  work.  The  Au-PE-Au  sample  was  plated  in  a  vacuum  chamber.  The 
phoiocurreni  across  ihc  sample  was  measured  before  and  after  evacuation  it 
was  observed  that  photocurrcnt  signals  were  stronger  before  evacuation. 
Steady-stale  photoconductivity  across  the  Au-PE-Au  sample  was  measured  as  a 
function  of  applied  electric  field,  light  intensity  and  temperature  alter 
evacuation  The  variation  of  steady-state  pholocurrent  with  intensity  31  room 
temperature  is  shown  in  Figure  5  The  applied  voltage  across  the  sample  was 
70  Volts.  ,t  was  found  that  at  very  low  excitation  intensities  (  <1  mW/cm-t  there 
was  neglig  hie  photocurrcnt  across  the  sample.  However,  at  intensities  above 
lmW/cm*.  the  photocurrent  across  the  sample  increases  linearly  with 
intensity  up  tc  30mW/cm*.  Saturation  of  photocurrcnt  is  observed  at  higher 
intensities. 


Figure  5  Steady  state  photocurrcnt  characteristics  as  a  function  of 
intensity  at  296  K 

The  variation  of  the  photocurrcnt  with  the  square  root  of  the  applied 
voltage  is  shown  in  figure  6  on  a  semi-log  scale.  The  lower  curve  corresponds 
to  an  excitation  intensity  of  20  mW/cm2  and  the  upper  curve  to  50  mW/cm2. 
The  linearity  of  these  characteristics  at  lower  intensity  suggests  that  the 
pholocurrent  I  follows  the  relationship 

la  exp  ((  P  E  122  /  kT)  -  (Ea  /  kT» 

where  E  is  the  field  across  the  sample,  k  is  the  Bolt/.mann's  constant  and  T  is 
the  absolute  temperature.  The  linearity  also  indicates  lhal  the  photocurrcnt 
generation  closely  follows  Onsagcr’s  law  of  geminate  recombination  in  three 
dimensions  ill].  At  higher  intensity,  a  deviation  from  this  law  is  observed 
indicating  that  other  conduction  mechanisms  dominate  in  this  regime. 


1  /  2 
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Figure  6  Variation  of  steady  state  photocurrcnt  with  square  root  of 
applied  voltage  for  PE  at  296  K  (a)  20  mW/cm2  and  (b)  50  mW/cm2 
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The  temperature  dependence  of  the  phoiocurrent  across  ihe  sample  was 
studied  at  50  mW/cm2  light  intensity  and  at  an  applied  voltage  of  50  V.  Figure 
7  shows  the  functional  form  of  temperature  dependence  of  phoiocurrent  for 
PE.  The  photocurrent  remain:  constant  at  lower  temperatures  (70  K  -  150  K) 
and  increases  exponentially  at  higher  temperatures.  The  activation  energy 
for  the  process  is  estimated  to  be  300  meV. 


Figure  7  Temperature  dependence  of  photocurrent  for  PE. 
CONCLUSIONS 

Au-phycobiliprotein-Au  systems  were  fabricated  and  titeir  dark  l-V 
characteristics  as  well  as  phoiocurrent  characteristics  have  been  investigated 
We  observed  for  PE  a  photovoltage  of  0.2  microvolts,  19  microvolts  and  2.6 
microvolts  for  incident  light  intensities  of  1  mW/cm2.  20  mW/cm2  and  50 
mW/cm2  respectively.  Non-linear  dark  I  V  characteristics  were  obtained  for 

both  PC  and  PE.  The  linear  variation  of  the  logarithm  of  phoiocurrent  with 
square  root  of  the  applied  voltage  at  lower  intensities  suggests  that  the 
phoiocurrent  closely  follows  Onsagcr’s  law  of  gemmate  recombination  in 
three  dimensions  [11].  It  is  also  observed  that  the  phoiocurrent  decreases 
exponentially  with  decrease  in  temperature  according  to  the  predictions  oT 
Onsagcr's  law.  The  activation  energy  obtained  from  the  Arrhenius  plot 
(Figure  7)  is  estimated  to  be  300  meV  (114.8  x  10'12  K.  ca!). 

It  should  be  noted  that  PE  shows  photoconducting  properties  in  addition 
to  being  a  good  luminescent  material.  PE  and  other  phycobiliprotcins  arc 
strongly  fluorescent  Fluorescence  implies  thermal  freeing  of  trapped 

carriers  which  tn  turn  indicates  that  free  charge  carriers  arc  formed  by  the 
excitation  process.  The  weak  dependence  of  the  observed  photocurrcnt 
magnitude  on  applied  electric  field  could  be  attributed  to  the  luminescent 
properties  of  PE.  Good  luminescent  materials  require  rapid  recombination 
while  good  photoconductors  require  slow  recombination.  Simultaneous 

measurements  of  luminescence  and  photoconductivity  would  give  us  a  deeper 
knowledge  of  charge  generation,  transport  and  recombination  processes  [I2[ 
Such  investigations  will  lead  to  a  belter  understanding  oT  the  potential  of  these 
proteins  in  device  applications  and  may  lead  to  a  more  fundamental 
appreciation  of  the  biochemistry  and  photophysics  of  how  they  function  in 
the  phycobilisome  in  vivo. 
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ABSTRACT 

Molecular  simulations  that  predict  the  molecular  mechanical  response  of  alpha-helical 
biopolymers  with  a  reinforcing  intra-molecular  hydrogen  bonding  network,  viz.,  a  'spring-like' 
behavior,  arc  presented  in  this  study.  Mechanical  properties  of  extended  biopolymer  strands 
based  on  naturally  occurring  amino  acids,  namely  poly(I.-AIa)  and  for  comparison  poly(L- 
Glu),  versus  synthetic  PPTA  containing  an  amide  bond,  are  compared  to  those  assuming 
alpha-helical  structures.  Thus,  the  pivotal  role  of  such  motifs  in  biological  systems  utilizing 
superior  compressive  mechanical  properties  can  be  inferred. 

INTRODUCTION 

It  is  the  purpose  of  the  present  study  to  report  an  application  of  a  semi-empirical  quantum 
mechanical  approach  to  the  study  of  biopolymers  versus  similar  synthetic  molecular  structures, 
which  offers  new  insight  into  the  mechanical  properties  of  flexible  coiled  coil  arrangements  of 
alpha-helical  motifs  found  in  Nature,  while  also  holding  promise  for  the  design  of  new 
materials.  The  importance  of  such  biopolymers  and  their  function  is  profound  and  cannot  be 
covered  in  detail,  and  thus  is  only  referred  to  by  example:  alpha-helical  structures  as  found  in 
keratin  in  hair,  myosin  and  tropomyosin  in  muscle,  epidermin  in  skin,  and  fibrin  in  blood  clots, 
all  of  which  play  vital  mechanical  roles.  In  the  case  of  the  myosin  tail,  the  coiled  coil 
superstructure  leads  to  a  hierarchy  of  reinforcing  interactions  within  the  alpha-helices,  hence 
culminating  in  the  highly  ordered  array  of  a  thick  filament  that  provides  the  means  for  its 
mechanical  function  in  muscle  contraction  [1],  Another  significant  model  is  offered  by 
membrane  skeletons  that  consist  of  spectrin  networks  which  enable  erythrocytes  to  resist 
strong  shearing  forces  in  blood  flow.  These  arc  comprised  of  flexible  triple-stranded  alpha- 
helical  coiled  coils  that  provide  the  underlying  mechanical  stability  and  resilience  of  the 
erythrocyte  membrane  [2].  Other  similar  membrane  skeletons  in  erythrocytes  play  meaningful 
roles  in  altering  and  stabilizing  the  shapes  of  various  types  of  cells  [3]  and  structural  elements. 
Likewise,  it  is  supposed  that  alpha-helical  strands  arc  acting  as  a  rubbery  reinforcement  matrix 
to  provide  elasticity  to  spider  silk  [4],  validated  to  some  extent  by  our  experimental  study  of 
these  fibers  in  compression  (5)  that  indicate  no  'kinking'  [6  1  failure.  Indeed,  the  development 
of  new  biopoiymer  fibers  is  of  special  interest  since  spider  silk  designs  were  found  to  be 
governed  by  the  same  principles  that  apply  to  synthetic  materials  [4).  This  analysis  presents  a 
theoretical  verification  of  the  absence  of  'kinking'  in  biopolymer  chains  of  an  alpha-helical 
structure,  thus  explaining  their  extraordinary  mechanical  functions  in  these  examples,  and 
especially  in  supercoiling  architectures. 

RESULTS  AND  DISCUSSION 

The  prediction  of  mechanical  properties  of  polymers  based  on  calculations  employing 
empirical  potential  energy  functions  has  been  addressed  [7,8,9].  However,  such  an  approach  is 
limited  because  it  applies  a  classical  force-field  dependent  on  a  particular  parametrization 
scheme,  but  more  important  is  that  not  all  the  possible  deformation  modes  can  be  taken  into 
account.  In  our  analysis  we  employ  a  rigorous  method  recently  developed  and  applied  [  10,1 1  ]. 
The  polymer  calculations  we  performed  apply  the  semi-empirical  Neglect  of  Differential 
Overlap  approximation  at  the  modified  level  AMI  (Austin  Model  1).  Furthermore,  within  this 
approach  ( 12]  the  so-called  'cluster  method'  that  characterizes  a  polymer  by  a  translation  vector 
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is  applied.  In  this  approximation,  a  segment  of  a  polymer  is  defined  hy  a  number  of  repeat 
units,  with  periodic  boundary  conditions  applied  to  describe  different  unit  cells  1 11).  The 
advantage  of  this  technique  is  that  end  effects  are  eliminated.  The  equilibrium  geometry  of  the 
cluster  is  optimized  and  the  translation  vector  thereafter  incrementally  increased  or  decreased, 
representing  the  molecular  strain.  By  optimizing  the  geometry  for  different  translations,  the 
dependence  of  the  heat  of  formation  on  tension  and  compression  is  established,  thereby 
defining  the  force  constant. 

The  elastic  modulus  E  for  a  polymer  is  given  by: 


where  a  is  the  stress  (force/area),  e  is  the  strain  (fractional  change  in  cluster  length  AL),  K  the 
force  constant  (F/AL)  and  LCI)  the  equilibrium  length  of  the  polymer  as  obtained  from  the 
calculation.  The  force  constant  is  derived  1 14]  from  the  dependence  of  the  change  in  heat  of 
formation  AH ,jf  on  AL: 


A H  g  =zi1(AZ.)’  +(j2(AL)‘  +«,(A L)  +  at  (2) 

where  K=2a2at  equilibrium  at  0  K.  The  cross  sectional  area  A*^  is  obtained  from  X-ray 
diffraction  or  the  density  d  (grams/cm-1)  by: 


d  = 


_nM  / 
= 


0) 


so  that  Ac^Mw/dN'ALttg  Mw  is  the  molecular  weight,  n  number  of  moles,  V  volume,  and  hi*. 
Avogudros  number.  The  force  constant  can  be  alternatively  derived  by  numerical 
differentiation,  but  the  values  obtained  by  either  method  am  within  the  fitting  procedure  error. 

In  this  study  we  examine  extended  biopolymer  strands  based  on  naturally  occurring  amino 
acids,  namely  poly(I.-Ala)  and  for  comparison  poly(l.-Glu),  vs.  synthetic  PPTA  [  15]  containing 
an  amide  bond,  to  those  assuming  an  alpha-helical  structure.  The  polypeptides  are  helix 
'makers'  and  are  used  as  model  compounds.  The  biomolecular  models  were  derived  to  assume 
either  an  extended  or  an  alpha-helical  configuration  for  poly(l.-Ala),  while  PPFA  has  an 
extended  conformation.  The  duster  length  requisite  for  this  calculation  is  determined  hy  the 
electron  delocalization  length  within  the  polymer  ]  16],  Six  repeat  units  for  poly(l.-Ala)  and 
five  repeat  units  for  poly(l.-Glu)  in  the  unit  cell  were  simulated,  showing  that  our  use  of  the 
maximal  possible  cluster  length  with  such  a  calculation  ensures  that  there  are  no  non-zero  off- 
diagonal  elements  in  the  density  matrix.  The  equilibrium  geometry  and  heal  of  formation  for 
both  one-  and  two-  repeat  units  of  PPTA  were  also  determined,  indicating  a  difference  in  ( AHff 
/repeat  unit)  of  ca.  5  kcal/mol.  We  compared  the  geometries  calculated  by  using  the  amide 
bond  correction  to  the  Hamiltonian  (121  lo  those  optimized  with  a  classical  force-field  [17], 
confirming  that  the  alpha-helical  configuration  is  conserved  within  our  approach  since  we  use  a 
large  number  of  repeat  units  [16]  within  the  unit  cell. 

The  calculated  response  of  the  extended  PPTA,  poly(L-Ala)  and  poly(L-Glu)  to  the 
application  of  strain  is  outlined  in  Figures  \a-lb.  Although  mechanical  properties  of  PPTA 
have  heen  previously  calculated  ( 1 8],  none  were  carried  out  at  this  level  of  theory.  We  have 
also  evaluated  the  strain-dependence  of  the  vibrational  frequencies  for  this  polymer. 
Specifically,  we  carried  out  a  study  of  the  vibrational  frequencies  strain  dependence  for  PPTA, 
indicating  a  linear  dependence  on  strain  for  1056  cm'1  and  3454  cm-1,  with  slopes  of  - 10.8  env* 
/ 9" strain  and  4.1  cm_,/91  strain,  respectively.  The  former  normal  mode  represents  a  torsional 
vibration  between  the  phenyl  groups  and  the  latter  a  C-H  motion  at  the  joints  linking  the  phenyl 
groups.  A  negative  slope  for  a  strain-induced  frequency  change  in  PPTA  single  fibers  was 
observed  experimentally  [  19|,  enabling  further  characterization  of  the  molecular  deformation. 
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RR-H  F  (5) 

The  modulus  is  then  calculated  by  using  the  cluster's  geometry.  An  application  of  the 
method  to  the  extended  chain  of  polytl. -Ala)  by  using  a  force  of  2  ini')  along  the  translation 
vector,  results  in  a  modulus  of  1 7d  GPa.  We  also  applied  this  method  to  a  mechanical 
properties  calculation  of  Cm>  molecules  |20J.  Obviously,  high  tensile  strengths  arc  picdictcd 
for  PPTA  and  extended  btopolymers.  More  significant  is  the  behavior  ol  these-  molecular 
systems  in  compression,  where  a  molecular  buckling  phenomenon  is  observed  in  PPTA  that  is 
especially  important  to  the  understanding  of  the  possible  mode  of  failure  in  these  libers.  This 
calculated  result  supports  in  pan  the  supposition  of  a  conformational  change  in  PPTA  upon 
compression  (21 1  Also,  the  molecular  structure  of  the  extended  hiopolymers  enables  more 
conformational  variation  since  there  is  an  additional  rotatable  bond,  resulting  in  only  a  small 
change  in  energy  in  compression  These  data  suggest  new  design  possibilities  lor  'molecular 
engineering'  of  polymers  with  enhanced  comprcssion.il  strength. 

'lire  AH, via.  AI.  dependence  t Figure  in)  for  PPTA  results  in  a  modulus  of  <<i.  3  VI  GPa, 

where  d-1.5  e/cm\  1.  =13.1  A.  N1W=23X.25  g/mol.  A  =20. 1  A*,  and  K  N/m  .  which 

overestimates  the  experimental  range  ol  120-200  GPa  However,  the  overestmiation  can  he 

partially  corrected  by  biasing  the  Hessian  with  experimental  vibrational  fivijuencies  1 1 1 1  The 

overall  response  is  similar  to  that  of  other  rigid  rod  polymers  ]  I0|.  The  dashed  bne  is  the 

force  curve  ( 1 0-1"  N)  obtained  by  taking  a  numerical  derivative  of  the  energy .  and  is  given  as 

an  example  of  the  additional  data  that  can  be  derived,  namely  that  linking'  occurs  at 

approximately  2.5'/i  compressive  strain.  The  force  curve  is  the  molecular  equivalent  of  a 

strain-stress  curve.  F-or  the  extended  hiopolymer  chains  (Figure  H>),  a  modulus  of  <</.  160 

CiPa  is  calculated  for  polytl  -  Ala),  where  A  ‘-20  A*.  1.  =21.7  A.  and  K=  M3  N/m.  and  for 
1  1  cq  ^cq 

polytl  (ilu)  a  modulus  of  i //.  230  GPa  (A  v'o  1^  =14.3  A.  and  K=320  N/mi  is 
evaluated. 
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Figure  1 :  At  ly  v.v.  At.  dependence  fur  a  PPTA  and  b  extended  polymer  chains 

A  clearly  different  response  of  an  alpha  -  helieat  chain  to  the  application  of  strain  is  shown 
in  Figure  2.  revealing  a  large  energy  change  in  compression  hut  no  buckling,  while  small 
variations  are  calculated  in  tension.  Specifically,  the  Ally  v.v.  Af.  dependence  for  the  alpha- 

helical  model  of  polvd  -Ala)  results  in  a  modulus  of  nr.  60  GPa.  where  A  =20  A".  I.  =  10.2 
,  CM  cm 

A,  and  K=  107  N/m.  The  force  ( 10' ll!  N)  curve  (dashed  line)  shows  that  in  distinct  contrast  to 
PFTA  (Figure  I  h).  there  is  no  evidence  for  'kinking'.  This  observation  is  supported  hy  the  fact 
that  no  buckling  is  found  in  the  alpha-helical  biopolymer  conformations  in  compression. 


Figure  2:  The  Ally  v.v.  AL  dependence  for  the  alpha-helical  model  of  polyd  -  Ala) 

A  similar  response  is  pa'dtcied  for  polyd. -Giu).  and  although  overestimated,  the  predicted 
modulus  for  poly(l.-GIu)  is  in  qualitative  agreement  with  experiment  [ 22 J.  Particularly,  the 
AH/jf  vs.  AL  dependence  lor  the  alpha-helical  model  of  poly(L-Glu)  results  in  a  modulus  of  ca. 
60  GPa,  where  the  Aeq=  20  A~.  l-yq=.1.2  A,  and  K=24()  N/m.  These  results  reveal  a  spring¬ 
like'  behavior  of  alpha-helical  hiopolymer  chains,  in  contrast  to  the  extended  systems. 
Interestingly,  it  has  been  shown  experimentally  that  all  synthetic  high  performance  polymers 
(15,211  fail  by  buckline  I6|,  whereas  ,pider  silk  fibers  that  contain  alpha-helical  structures  on 
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ABSTRACT 


We  have  expressed  in  E.  coli  a  series  of  periodic  polypeptides  represented  by  sequence  1. 
Our  objective  has  been  an  understanding  of  the  role  of  chemical  sequence  in  determining  the 
chain  folding  behavior  of  periodic  macromolecules.  Molecular  organization  has  been 
examined  by  infrared  spectroscopy  and  'H  and  13C  NMR  methods  and  a  preliminary  model  of 
the  folded  structure  has  been  developed 
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INTRODUCTION 

We  have  been  studying  a  series  of  periodic  polypeptides  represented  by  the  general 
formula  2,  wherein  the  repeating  alanylglycine  dyads  are  expected  to  bias  the  chain  toward  an 
anti-parallel  p-sheet  conformation  ( 1,2).  Our  objective  is  contriu  of  chain  folding  in  the  solid 
state,  by  incorporating  periodic  p-sheet  breakers  into  the  sequence.  Our  first  attempt  used  a 
variant  of  sequence  2  in  which  x=3.  7,=ProGlu,  and  n=54  |3|.  X-ray  diffraction  analysis  of 
this  protein  afforded  no  evidence  of  crystalline  structure.  In  this  paper  we  report  recent 
progress  in  characterization  of  the  similar  family  of  polymers  represented  by  sequence  1. 

4-(A!aGly),ZGly-f„  2 


EXPERIMENTAL  SECTION 

Synthetic  strategy.  The  overall  strategy  for  the  production  of  the  target  material  is  shown 
in  Figure  1 .  Detailed  experimental  conditions  are  described  elsewhere  [3,4j. 

Protein  expression.  Artificial  genes  encoding  proteins  containing  sequences  la-g  were 
constructed  and  expressed  in  the  pET3-b  vector  and  F..  coli  strain  BL2 1  (DE3)pLysS 
developed  by  Studier  and  coworkers  |5),  Expression  was  initially  monitored  by  the 
incorporation  of  ^H-glycine  into  the  target  protein.  A  rich  medium  (YT)  was  used  for  sample 
preparation.  P-Isopropylthiogalactoside  (1PTG,  final  concentration  95  mg/L)  was  added  to  the 
culture  to  induce  protein  production  when  OD  at  600  nm  reached  ca.  0.8. 

Purification.  Cell  extracts  were  prepared  by  freezing,  thawing,  sonication  and  spinning 
out  of  ceil  debris.  The  extract  was  adjusted  sequentially  to  pH  5.0,  4.5  and  4.0  with  glacial 
acetic  acid.  After  each  pH  adjustment,  precipitated  material  was  removed  by  centrifugation. 
After  enzymatic  removal  of  contaminating  nucleic  acids,  the  target  protein  was  precipitated 
by  addition  of  ethanol  to  40  v/vT.  Crude  product  was  washed  with  water  repeatedly  until  the 
absorbance  of  the  supernatant  at  260  nm  disappeared 
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Figure  I.  Overall  strategy  for  biosynthesis  of  polymers  of  sequence  1. 


Cyanogen  bromide  cleavage  Fusion  ends  were  chemically  removed  by  selective 
cyanogen  bromide  cleavage  at  room  temperature  in  formic  acid. 

Infrared  spectroscopy.  A  portion  of  cleaved  protein  was  placed  in  an  Eppendorf  tube  and 
90%  formic  acid  was  added  thereto  so  that  1  pL  of  solution  would  contain  1 00  pg  of  solid 
The  solution  was  kept  at  room  temperature  until  use.  After  an  appropriate  time  period,  a 
portion  of  the  solution  was  spread  on  a  NaCl  plate  and  air  dried. 

Computer  graphics.  Molecular  modeling  was  performed  using  Biograf  version  2.2 
(BioDesign,  Inc.)  running  on  a  Silicon  Graphics  Iris  work  station. 

NMR  spectroscopy.  NMR  analyses  were  conducted  at  room  temperature  on  Varian  XL- 
300,  Varian  500  MHz  Unity,  and  Broker  200  AF,  300  MSL  and  500  AMX  spectrometers. 
Formic  acid  formyl-dj  was  used  as  solvent. 


RESULTS  and  DISCUSSION 

Protein  expression.  The  expression  strain,  BL21(DE3)pLysS,  carries  a  chromosomal 
gene  encoding  bacteriophage  T7  RNA  polymerase  under  lacUVS  control  [5|.  The  pLysS 
plasmid  produces  a  low  levei  of  T7  lysozyme,  which  suppresses  leaky  T7  RNA  polymerase 
activity  prior  to  induction  with  IPTG.  Each  of  the  proteins  la-g  was  expressed  in  E.  coli 
successfully.  None  of  these  proteins  stained  well  with  the  conventional  dye  Coomassie  Blue, 
so  in  vivo  labelling  techniques  were  used  to  monitor  accumulation. 

Purification.  Contaminating  proteins  were  removed  readily  from  the  product  by  stepwise 
acidification  of  whole  cell  lysates,  owing  to  the  fact  that  the  target  proteins  remain  soluble  in 
mildly  acidic  solutions  that  precipitate  native  E.  coli  proteins.  Purification  leads  to  products  of 
general  sequence  3,  in  which  the  repetitive  oligopeptide  building  blocks  are  flanked  by  leader 
and  trailer  sequences  derived  from  the  cloning  and  expression  vectors.  Typical  yields  of 
purified  protein  were  20-70  mg/L,  decreasing  slightly  with  increased  spacing  between 


glutamic  acid  residues.  The  leader  and  trailer  sequences  were  removed  by  cyanogen  bromide 
digestion  prior  to  structural  analysis  by  infrared  and  NMR  methods 
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Infrared  spectroscopy  Figure  2  shows  !R  absorpiion  spectra  of  films  of  polymer  Ic  cast 
from  formic  acid  after  aging  of  the  casting  solution  for  various  times.  The  broad  band  in  the 
amide  1  region  is  apparently  composed  of  two  main  peaks,  one  centered  near  1660  cm  1  and 
the  other  around  1625  cm'1.  The  former  band  decreased  in  intensity  as  the  solution  aged, 
while  the  intensity  of  the  latter  band  increased.  The  rate  of  change  in  the  relative  intensities  of 
these  two  bands  was  found  to  depend  on  the  sample  concentration,  and  w  as  reduced  in  more 
dilute  solutions.  Gelation  of  each  solution  was  observed  concurrently  w  ith  the  rise  in  intensity 
at  1625  cnv*.  We  attribute  the  1625  cm-1  band  to  an  antiparallel  [5-sheet  structure  and  the 
higher  frequency  absorption  to  a  disordered  conformation 


1800  1 7C0  1600  1500  1400 

Wavenumber 

Figure  2  Infrared  spectra  of  cast  films.  Cleaved  lc  protein  was  dissolved  in  formic  acid  and  films  were  cast  on 
NaOI.  From  the  top,  curves  correspond  to  5  min.  2  hr,  8  hr,  and  26  hr  of  solution  aging  prior  u>  film  casting 


NMR  spectroscopy.  The  infrared  results  discussed  above,  coupled  with  the  observed 
gelation  of  the  formic  acid  solutions  upon  aging,  suggest  that  an  ordered  [5- structure  develops 
with  time  in  these  polymer  solutions.  This  structure  was  probed  more  fully  in  preliminary 
high- field  NMR  experiments.  Of  special  interest  were  questions  of:  i)  whether  or  not  the 
chain  folds  in  regular  fashion  in  solution,  and  ii).  if  regular  folding  docs  occur,  what  the  local 
structure  of  the  fold  may  be. 

The  '-C  NMR  spectrum  of  polymer  Ic  dissolved  in  formic  acid-dj  is  shown  in  Figure  3. 
Chemical  shifts  relative  to  formic  acid  (8166.31  ppm)  and  peak  assignments  are  listed  in 
Table  I.  Assignments  were  made  on  the  basis  of  repeating  unit  sequence  4,  in  which  the 
designation  of  3  distinct  glycyl  units  and  2  distinct  alanyl  units  is  suggested  by  the  appearance 
of  multiple  carbonyl  resonances  for  each  of  these  residues. 

— (GlyAla)tGly*GluGly**Ala*  4 
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Figure  3.  1 5C  NMR  spectra  of  cleaved  lc.  Upper:  carbonyl  carbons,  lower:  aliphatic  carbons 


Table  1.  Assignment  of  *3C  NMR  Spectrum  of  Polymer  lc 


5  in  ppm 

Assignment 

17.03 

P-CH3  of  all  Ala  residues 

26.63 

(J-CH2  of  Glu 

30.21 

y-CH2  of  Glu 

43.28 

a-CH2  of  Gly 

43.33 

0C-CH2  of  Gly*  or  Gly** 

43.37 

a-CH2  of  Gly*  or  Gly** 

50.51 

a-CH  of  Ala  and  Ala* 

53.76 

a-CH  of  Glu 

171.88 

Carbonyl  of  Gly* 

172.00 

Carbonyl  of  Gly 

172.31 

Carbonyl  of  Gly** 

174.26 

Carbonyl  of  Glu 

175.94 

Carbonyl  of  Ala 

175.98 

Carbonyl  of  Ala* 

Side  chain  carboxyl  group  of  Glu 

The  relative  intensities  of  the  carbonyl  signals  are  consistent  with  this  assignment,  and  the 
presence  of  sharp  resonances  suggests  that  the  chain  adopts  a  limited  set  of  conformations  in 
formic  acid  solution.  In  contrast,  the  '^C  NMR  spectrum  obtained  in  HFIP-d2  solution  shows 
very  broad  carbonyl  peaks,  suggesting  that  in  HFIP  the  polypeptide  chain  exists  as  a  random 
coil. 
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Figure  4  shows  a  partial  NOFSY  spectrum  of  le  taken  in  formic  acid  solution  The 
observation  of  strong  sequential  oc-proton-NH  NOEs  and  absence  of  amide -amide  NOEs 
suggest  that  pleated  p-sheets  are  present.  This  is  supported  by  the  appearance  of  Ha-Ha  and 
Ha-Hp  NOEs  which  are  to  be  expected  in  a  regular  antiparallel  p- pleated  sheet,  in  which  the 
interstrand  II„  Ha  distance  is  approximately  2.4  A  Furthermore,  the  NH  peak  of  Oily** 
indicates  a  short  int  -rresidue  interaction  with  the  a  Oil  and  a  weak  interaction  with  the  P  Oils 
of  Glu.  This  observation  is  consistent  with  the  occurrence  of  a  p-turn.  The  very  strong 
correlation  of  Gly,**NH  ->Glu,.iaCH  suggests  a  turn  of  type  II  rather  than  type  1  or  I'. 


Figure  4.  Partial  NOFSY  spectrum  of  cleaved  le 


CONCLUSIONS 

Although  this  is  a  preliminary  analysis,  the  'll  and  1  ’C  NMR  data  obtained  in  formic  acid 
are  consistent  with  a  chain  conformation  characterized  by  a  predominance  of  p  strands 
interrupted  by  reverse  turns.  In  contrast,  the  polymer  in  HFiP  appears  to  be  a  statistical  coil, 
giving  rise  to  broad  resonances  in  the  1  NMR  spectrum.  Given  these  differences,  it  is 
intriguing  that  polymer  films  cast  from  formic  acid  exhibit  infrared  spectra  characteristic  of  p- 
shcct  structure,  while  those  from  HFIP  arc  disordered.  We  are  pursuing  refinement  of  the 
solution  structure  of  Ic  and  related  polymers,  with  the  objective  of  understanding  the 
mechanism  of  structure  formation  during  solidification. 
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ABSTRACT 

A  variety  of  natural  silk  secretions  (from  spiders,  silkworms  and  aquatic  insect  larvae),  and 
also  reconstituted  silk  solutions,  are  able  to  form  a  nematic  liquid  crystalline  phase.  The  aniso¬ 
tropic  structures  that  self-assemble  in  this  phase  arc  formed  from  the  isotropic  phase  by  aggre¬ 
gation  of  molecules,  rather  than  by  individual  molecules  undergoing  a  conformational  change  to  a 
rod-like  form.  This  enables  the  molecules  to  retain  their  solubility  in  water  while,  simultan¬ 
eously.  the  viscosity  of  the  solution  is  reduced.  The  liquid  crystalline  phase  is  stable  under  a 
wide  range  of  equilibrium  conditions,  but  its  ability  to  form  is  sensitive  to  the  rate  at  which  the 
initially  isotropic  solution  is  allowed  to  dry.  The  kinetics  of  phase  transitions  exhibited  by 
solutions  of  silk  proteins  must  be  taken  into  account  if  solutions  of  silk  fibroin  are  to  be  success¬ 
fully  processed  in  vitro. 


BACKGROUND 

Several  biosynthesized  polymers  and  their  derivatives  are  useful  as  engineering  materials. 
While  unaltered  or  transgenic  organisms  therefore  can  play  an  important  role  as  sources  of 
chemical  feedstock  in  materials  synthesis,  the  subsequent  processing  steps  needed  to  manufac¬ 
ture  useful  objects  are  still  conducted  in  vitro.  There  are  many  benefits  of  carrying  out  pro¬ 
cessing  operations  (fiber  drawing,  film  forming,  injection  molding)  on  polymers  in  the  nematic 
liquid  crystalline  state,  and  of  retaining  nematic  order  in  the  solid  product  [  1  5).  In  the  case  of 
both  liquid  crystalline  solutions  and  liquid  crystalline  melts,  these  benefits  include: 

•  the  low  viscosity  and  therefore  easy  processability  of  the  liquid  crystalline  stale,  compared  to 
isotropic  fluids  having  the  same  concentration  of  polymer; 

•  facilitated  production  of  microslructurcs  in  which  molecules  are  extended  and  globally 
aligned,  leading  to  enhanced  uniaxial  stiffness  and  strength  in  the  solid  product; 

•  the  low  thermal  expansion  coefficient  of  the  product; 

•  reduced  susceptibility  of  the  product  to  retraction  (dimensional  change  arising  from  randomi¬ 
zation  of  molecular  orientational  order)  when  annealed  at  temperatures  above  the  glass 
transition  hut  below  the  melting  point; 

•  the  ability  to  orient  non-liquid  crystalline  materials  through  guest-host  interactions. 

In  addition,  liquid  crystalline  melts  (but  not  solutions)  exhibit  relatively  low  solidification  shrin¬ 
kage  compared  to  conventional  melts,  and  so  can  be  used  to  obtain  moldings  with  more  precise 
dimensional  tolerances.  These  properties  of  liquid  crystalline  polymers  arc  the  result  of  spontan¬ 
eous  local  alignment  of  extended  molecules  that  characterizes  the  (fluid)  liquid  crystalline  state, 
reducing  the  contributions  of  entanglements  to  fluid  viscosities,  and  reducing  the  extent  to  which 
molecular  re-ordering  roust  occur  during  solidification. 

Examples  from  all  the  major  classes  of  biological  macromolecule  (proteins  [6-10],  poly¬ 
saccharides  [11-13],  glycoproteins  1 13),  nucleic  acids  [14-16]  and  lipids  1 17-19])  are  known  to 
form  liquid  crystalline  phases  in  water.  Of  particular  interest  here  are  macromolecules  that  form 
liquid  crystalline  phases  under  physiological  conditions,  so  that  the  liquid  crystalline  state  plays  a 
direct  role  in  the  in  vivo  assembly  of  these  molecules  into  more  complex  structures,  and  thus  is 
directly  responsible  for  their  function.  Then,  in  vitro  processing  of  these  materials  and  their 
anatogs  in  the  liquid  crystalline  state  is  an  obvious  approach  towards  duplicating  the  microstruc- 
tures  and  properties  inspired  by  the  natural  materials. 
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LIQUID  CRYSTALLINITY  AND  SILK 

The  silk  fibers  produced  by  spiders  and  the  larvae  of  some  insects  exhibit  a  variety  of  impres¬ 
sive  engineering  properties;  some  significant  ones  are  summarized  in  Table  I. 

Table  I  Some  Sophisticated  Properties  of  Silk 

Comments  Reference 

[20-23 1 

up  to  2  GN.nr2  for  spider  drag  line 

up  to  30  GN.nr2  for  spider  drag  line 

elongation  to  failure  can  be  greater  than  309b 
for  spider  drag  line 

[23-25] 

silk  fiber  is  spun  from  aqueous  solution, 
but  will  not  subsequently  dissolve  in  water 
(compare  Kevlar®,  which  is  spun  from  a 
solution  in  concentrated  sulfuric  acid) 

silk  fiber  is  spun  at  ambient  temperature 
in  air  or  under  water 
fibers  may  he  as  fine  as  0.01pm 

Environmental  [26,  27| 

durability  resists  degradation  in  a  wide  variety  of  out¬ 

door  and  chemical  environments 

biodegradahility  degradation  to  the  level  of  amino  acids  by 

specific  proteolytic  enzymes  allows  'Puer¬ 
to  recycle  their  web  silk 


Property 


Mechanical 

strength 

stiffness 

toughness 

Processing 

solvent 


processing  temperature 
processing  environment 
fiber  thickness 


We  are  especially  interested  in  the  in  vivo  processing  characteristics  of  silk  secretions.  Apart 
from  seeking  to  reproduce  in  vitro  the  spinning  of  fibers  from  solutions  of  silk  fibroin  and 
similar  molecules  (regardless  of  their  source),  we  note  the  generic  usefulness  of  a  room- 
temperature  processing  route  that  converts  water-soluble  polymer  to  insoluble  high-performance 
fiber  by  physical  rather  than  chemical  means. 

Both  as-sccrcted  and  reconstituted  silk  solutions  may  form  a  nematic  liquid  crystalline  phase 

Qualitatively,  we  have  observed  the  formation  of  liquid  crystalline  order  in  the  silk  secretions 
from  diverse  organisms  and  glands; 

•  silk  glands  from  Bombyx  nwri  silkworms; 

•  drag  line,  capture  thread  and  cocoon  silk  secretions  from  Nephila  clavipes  (golden  orb 
weaver)  spiders; 

•  salivary  glands  of  Chironomus  tentans  (midge)  larvae. 

Liquid  crystalline  microstructures  of  silkworm  and  spider  silk  secretions  are  shown  elsewhere. 
In  those  cases  [  10, 2K,  29[,  liquid  crystalline  microslmctures  were  seen  to  develop  in  the  viscous 
secretion  recovered  by  allowing  dissected  silk  glands  to  leak  onto  a  glass  microscope  slide. 

Microstructures  of  Chironomus  silk  secretions  are  shown  in  Figure  1 .  Salivary  glands  were 
manually  dissected  from  larvae  and  placed  in  a  droplet  of  deionized  water  (@  20  glands/5()  pi 
droplet)  on  a  siliconized  coverslip  on  the  ihcrmostated  stage  (4  °C)  of  a  dissecting  microscope. 
The  lumens  were  punctured  with  a  needle;  secretion  was  allowed  to  leak  out  for  about  If) 
minutes.  The  glands  were  removed  with  dissecting  needles,  and  the  extract  was  transferred  to  a 


2)3 


microfuge  lube  and  centrifuged  at  12,000  x  g.  Supernatants  from  five  extracts  were  combined, 
the  final  sample  volume  after  further  concentration  was  ~5I)  pi.  This  solution  was  initially  fluid, 
compared  to  undiluted  secretion  obtained  directly  from  silkworms  and  spiders.  Samples  were 
examined  by  transmitted  polan/ed  light  microscopy  within  4X  hours  of  preparation.  They  were 
allowed  to  dry  slowly  between  a  glass  microscope  slide  and  coverslip  (figure  1.  left),  or  rapidly 
on  a  microscope  slide  with  no  coverslip  (figure  1.  right).  The  phase  changes  of  Chironomux 
silk  are  of  particular  interest  because  the  natural  silk  fibers  arc  produced  entirely  under  water. 


figure  I  Microstructures  off  icnltins  ,*ilk  secretion:  (left)  liquid  crystalline  order  after 
partial  dry  ing  under  a  coverslip.  (right)  crystalline  order  alter  partial  dry  ing  with  no  coverslip. 
Specimens  viewed  in  transmission  between  crossed  polars.  lOpm  - 


We  have  also  observed  that  liquid  crystalline  phases  can  form  in  reconstituted  silk  solutions 
( figure  2i.  The  broad  range  of  solution  composition*  (silk  :  water  :  chaolropic  salt)  over  which 
this  occurs  has  not  yet  been  quantified.  The  microstrueture  in  figure  2  is  representative  of 
material  with  the  following  history:  B.  mori  cocoons  (with  the  jnipae  excised)  were  boiled  in 
0.065'?  NaOtl  for  2-4  minutes  and  then  in  tap  water  for  another  20  minutes,  to  remove  the 
sericin  coaling.  After  drying  ill  a  desiccator,  silk  was  dissolved  at  a  concentration  of  7.5 '/<  by 
weight  in  lM.M  I .i Hr  |  4()|.  Approx.  HI  grams  of  the  solution  were  placed  in  a  10-inch  length  of 
cellulose  dialysis  tubing  (Spcctra/Pur;  MWC'O  12. IKK)  14.000;  previously  de-sulfuri/ed  by 


treatment  for  30  minutes  in  15(H)  ml  water  +  30  g  sodium  bicarbonate  4  0.61  X  g  EDTA)  and 
dialyzed  against  -2(H)  ml  tap  water  for  2  days 


The  liquid  crystalline  slate  of  silk  is  assembled  from  supcrmuleailar  anisotropic  structures 

Several  observations  imply  consistently  that  the  “rods"  constituting  the  liquid  crystalline 
phase  of  silk  are  not  individual  molecules  or  molecular  segments,  but  instead  arise  at  the  super- 
molecular  level: 

»  siik  proteins  from  different  organisms  have  very  different  primary  structures  (none  of  which 
is  recognizably  nematogenic)  in  solution, 

•  the  phase  behavior  of  silkworm  and  spider  silk  secretions  implies  the  existence  of  rigid  rods 
that  have  an  axial  ratio  of  approximately  30  1 13,  29,  31 1;  however,  individual  solubilized 
molecules  am  flexible  and  have  no  significant  amounts  of  secondary  structure  [32.  33); 

•  microstructural  observations  imply  that  the  rods  am  polydisperse  (29). 

By  aggregating  into  rod-like  structures,  silk  fibroin  molecules  with  an  essentially  random  coil 
conformation  can  form  a  liquid  crystalline  phase  without  having  to  first  undergo  a  change  in  con¬ 
formation.  Thus,  the  fibroin  can  retain  its  solubility  in  water,  while  at  the  same  time  the  solution 
becomes  more  easily  processable  because  its  viscosity  is  lowered.  Fiber  spinning  is  accom¬ 
panied  by  a  shear-induced  conformational  change  134);  the  molecules  then  form  a  stable  crystal¬ 
line  structure  that  is  no  longer  water-soluble.  This  mechanism  may  serve  as  the  basis  for 
developing  synthetic  polymer  processing  routes  that  enable  the  fabrication  of  durable,  water- 
insoluble  fibers  from  molecules  initially  in  aqueous  solution. 

Conditions  that  favor  the  formation  of  liuuid  crystalline  order  in  silk  solutions 

Because  of  the  experimental  difficulties  of  accurately  measuring  protein  and  salt  concentration 
tn  small  samples  used  for  microscopy,  reliable  quantitative  information  about  the  concentration 
range  of  liquid  crystalline  stability  is  limited.  Yet.  even  qualitative  observations  show  that  the 
nematic  phase  forms  under  a  w  ide  range  of  conditions: 

•  the  ability  to  form  a  liquid  crystalline  phase  is  exhibited  by  silks  of  widely  differing  compo¬ 
sitions.  i.e  it  is  not  sensitive  io  the  sequence  of  monomers;  indeed,  in  the  case  of  Chironomus 
silk,  one  is  dealing  with  a  mixture  of  proteins  whose  appamnt  molecular  weights  span  two 
orders  of  magnitude  ( 25); 

•  silk  can  form  liquid  crystalline  phases  in  substantially  different  environments  -  in  the  natural 
secreted  state  (containing  only  a  trace  of  dissolved  components  that  are  not  fibroin  (22))  as 
well  as  in  the  presence  of  significant  concentrations  of  LiBr  (the  material  shown  in  Figure  2 
contains  LiBr  at  a  concentration  of  approximately  0.5M); 

•  in  specimens  of  silkworm  and  spider  silk  secretion  (initial  concentration  -26  vol.9?  or  -30 
wt.Ok  protein)  that  are  maintained  between  a  glass  microscope  slide  and  cover  slip,  a  liquid 
crystalline  phase  can  he  recognized  within  minutes,  i.e.  after  only  a  small  change  in  concen¬ 
tration  due  to  evaporation;  a  more  ordered  phase  typically  does  not  occur  until  after  2-3  days 
of  slow  drying. 

However,  whether  or  not  a  continuously  drying  silk  solution  exhibits  liquid  crystalline  order 
does  appear  to  be  sensitive  to  the  initial  concentration  and  the  rale  at  which  water  is  lost.  Fluid 
solutions,  such  as  water-diluted  Chironomus  silk  secretions,  initially  form  liquid  crystalline 
phases  if  allowed  to  dry  slowly  between  a  glass  slide  and  cover  slip.  If  no  cover  slip  is  used, 
then  crystalline  phases  are  formed.  Viscous  solutions,  such  as  the  undiluted  silk  secretions  from 
silkworms  and  spiders,  form  a  liquid  crystalline  phase  whether  or  not  a  cover  slip  is  present.  A 
similar  dependence  of  mierostructure  on  initial  concentration  and  subsequent  drying  rale  is 
exhibited  by  other  types  of  biological  macromolecule  [13). 


REPRESENTING  PHASE  TRANSITION  KINETICS  ON  TRANSFORMATION 
DIAGRAMS 

Phase  diagrams  display  the  phases  that  occur  under  equilibrium  conditions  in  a  given  system. 
In  an  open  system  in  which  equilibrium  is  not  reached,  the  phases  obtained  depend  on  the 
driving  force  for  transformation  (how  far  is  the  system  from  equilibrium?)  and  on  the  extent  to 
which  the  mierostructure  is  able  to  rearrange  in  response  to  this  driving  force. 


An  established  representation  of  llv  kinetics  ol  temperature  induced  phase  transformations  in 
multicomponent  metals  and  ceramics  ts  hy  means  of  Time  Temperature  Transformation  tTH  1 
curves  | '5).  These  curses  (figure  3a  t  illustrate  the  time  dependence  el  the  nuerestnieUir.il 
changes  exhihued  hy  a  system  nf I'nul  <  iimpoxinon  at  diflcrcm  temperatures  I  he  characteristic 
'  shape  el  the  curses  results  from  the  fact  that,  at  small  supercoolmgs  tc  lose  to  equilibrium), 
there  is  little  driving  force  for  the  phase  change  to  occur.  At  large'  supercoelings.  there  is 
significant  driving  force  for  Ihe  system  to  consort  to  the  ness  ecjuilihnitm  phase,  hut  the  atoms  or 
molecules  ness  lack  the  mobility  to  achieve  this  transformation  quickly.  At  mlcriiicdiule 
supercoelings.  the  combination  of  driving  force  and  mobility  enables  the  transformation  to  occur 
at  a  maximum  tale.  Typically.  TIT  curves  are  drawn  for  T»  completion  and  W!  completion  of 
the  translormaiion.  though  a  single  curse  is  often  adequate  for  illustrative  purpose's  The  time 
difference  between  1C  completion  and  WC  completion  is  most  sigmhcant  tor  tiansloimations 
that  (veur  ennrelx  in  the  solid  state. 
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f  igure  3  Tiansloi m.nmn  diagrams  showing  phase  transition  kinetics 
1  a 1  lime  leiiipcrjluic'  Ti.mslnrmnlioii  lelatioiislnp  for  temperature  induced  phase  change 
'  h  ■  Analogous  Time  ( '<  nice  n  (ration  I  raiish'itiution  relationship  tor  concent  ration  induced 
phase  changes 

ic 1  l  ime  Concentration -Tratisli.nn.it ton  curves  lor  a  system  that  forms  both  liquid  crvstal 
line  and  crystalline  phases. 

ult  I  ink' •Concenlr.ili.in  Transformation  curves  seliemalic.illv  icpresenting  the  tvli.ic  ior  ot 
dilute  and  viscous  solutions  of  silk. 
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W'e  find  that  an  analogous  graphical  device  provides  a  useful  intellecluai  framework  for  illus¬ 
trating  the  kinetics  of  phase  transformation  in  polymer  solutions  (Figure  3b).  For  transfor¬ 
mations  occurring  in  solutions  of  different  concentration  at  a  ft  \ed  temperature,  the  vertical  axis 
is  scaled  in  terms  of  concentration.  The  behavior  of  the  system  at  varying  levels  of  super- 
saturation  is  shown,  rather  than  at  varying  degrees  of  supercooling.  Transformations  at  low 
supersaturations  would  occur  slowly,  due  to  the  system  being  close  to  equilibrium,  and  transfor¬ 
mations  at  very  high  supersaturaiions  would  also  occur  slowly,  since  chain  interactions  would 
limn  microsiructural  mobility.  Again,  therefore,  a  maximum  transformation  rate  would  be  expec¬ 
ted  at  intermediate  supersaturations,  where  the  combination  of  kinetic  drive  and  molecular 
mobility  would  be  optimized.  Given  that  the  transformation  from  isotropic  material  to  a 
mesophase  is  kinetically  easier  (requires  less  microsiructural  rearrangement)  than  the  precipitation 
of  a  three-dimensionally  ordered  crystalline  phase,  the  transformation  curves  for  mesophase 
formation  and  crystallization  should  he  nested  as  shown  (Figure  3c). 

The  formal  of  these  curves  is  qualitatively  consistent  with  the  observed  behavior  of  silk 
solutions  (Figure  3d).  Dilute  specimens  maintained  between  glass  slides  (and  thus  losing  water 
relatively  slowly;  curve  I )  can  form  liquid  crystalline  phases,  with  the  possibility  of  crystallizing 
at  very  long  times.  Dilute  specimens  without  a  cover  slide  w  ill  start  at  the  same  concentration  as 
those  maintained  between  glass  surfaces,  hut  will  ehange  in  concentration  more  rapidly.  Thus 
the  "drying  curve”  of  the  specimen  (curve  2)  may  he  able  to  intercept  the  "nose"  of  the  crys¬ 
tallization  curve.  Concentrated  specimens  with  (curve  3)  or  without  (curve  4)  a  cover  slide  do 
not  have  sufficient  microstruetural  mobility  to  crystallize  immediately  after  transformation  to  the 
liquid  crystalline  .state.  The  smooth  curves  ( 1-4)  showing  concentration  change  with  time  are 
schematic  in  the  present  qualitative  discussion;  they  are  discontinuous  at  the  "C"  curve  for 
transformation  to  the  liquid  crystalline  state  because  the  diffusion  coefficients  of  solvent  in  liquid 
crystalline  and  crystalline  material  will  he  different 
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ABSTRACT 


Avian  eggshells  are  one  of  the  most  rapidly  calcifying  systems  known.  Although  the  entire 
shell  contains  -  97  weight  %  CaCOy,  etching  in  EDTA  reveals  great  spatial  variability  in  etching 
rate.  A  correlation  between  the  etching  rate  of  various  regions  and  the  relative  positions  of  the 
different  parts  in  the  calcium  reserve  assembly  (CRA)  has  been  made;  the  CRA  is  the  source  of 
calcium  during  natural  decalcification  by  chick  embryos. 


INTRODUCTION 


Nature  produces  many  biological  ceramics  (mineralized  or  hard  tissues)  at  ambient 
temperature.  These  biological  ceramics  are  biominerals  reinforced  with  biopolymers.  The 
ceramic  phase  provides  the  structural  integrity  (strength  and  hardness),  whereas  the  polymer 
gives  the  structures  the  required  toughness.  The  nucleation  and  growth  morphology  of  the 
ceramic  is  regulated  by  the  biopolymeric  organic  matrix  1 1-4),  which  acts  as  a  substrate. 

The  avian  eggshell  is  a  useful  model  system  for  understanding  biomineralization.  A  cross 
section  of  the  eggshell  is  shown  in  Fig.l.  The  eggshell  assembly  is  about  300-400  pm  thick  [5- 
7).  The  shell  has  a  5  pm  thick  layer  on  the  outside,  known  as  the  cuticle.  The  shell  itself,  which 
is  known  as  the  palisade  layer  and  is  mainly  calcitic  CaCC>3  with  approximately  3%  organic 
matrix,  is  about  250  pm  thick.  The  mammillary  or  cone  layer  is  about  50  pm  thick.  The  shell 
membrane,  which  serves  as  the  substrate  for  the  calcification  of  the  shell  proper,  is  about  70- 
100  pm  thick.  The  membrane  is  composed  of  a  woven  mat  of  collagen  fibers  which  are  about  2- 
10  pm  in  diameter.  Partial  etching  studies  on  eggshells  were  performed  in  an  attempt  to  mimic 
natural  calcification. 


Figure  1  :  Cross  section  of  the 
eggshell  showing  distinct 
regions  :  cuticle  (C),  palisade 
layer  (PL),  mammillary  layer 
(ML)  and  the  shell  membrane 
(SM). 
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EXPERIMENTAL  PROCEDURE 


Eggs  from  White  Leghorn  hens  were  used.  The  membrane  was  separated  front  the  shell  b> 
soaking  it  in  15%  (weight/volume)  ethylene  diamine  tetraacetie  acid  (EDTA)  solution  for  60 
minutes  and  then  mechanically  stripping  it  away  from  the  shell.  F.DTA  is  a  C'a*-  -  binding 
chelator  and  therefore  dissolves  some  of  the  CaCOt  at  the  interface  of  the  shell  and  the 
membrane,  thus  loosening  the  contact  between  the  two  | H- 10 J.  The  membrane  was  then  rinsed 
in  distilled  water. 

For  etching  experiments,  small  pieces  of  the  fractured  eggshell  were  kept  in  EDTA  solution 
for  1  hour,  2  hours  and  9  hours. 

The  membrane  after  EDTA  treatment  and  the  partially  etched  cross  sections  of  the  shells  were 
studied  by  scanning  electron  microscopy  (SEM)  and  the  local  microcheinistries  determined 
qualitatively  using  X-ray  energy  dispersive  spectroscopy  (EDS).  For  SEM  .  the  samples  were 
coated  with  a  90 A  thick  Pd  film. 


RESULTS 

Membrane  after  separation  from  the  shell 


Figure  2  is  a  micrograph  of  the  outer  eggshell  membrane  after  mechanical  separation  from  the 
shell  proper.  The  collagen  fibers  form  a  dense  network.  At  certain  places,  darker  regions,  10-20 
pm  in  diameter,  are  present.  These  darker  regions  are  known  as  the  mammillae;  these  were 
believed  in  the  past  to  be  initial  in  vivo  calcification  sites.  These  knobs  are  elevated  by  10-20  pm 
above  the  woven  structure  J 1 1-13)  and  have  a  higher  content  of  sulfur  than  the  collagen  fibers. 


Figure  2  :  Membrane  after  I 
hour  soaking  in  EDTA  and 
mechanical  stripping  from  the 
shell.  The  darker  regions  are 
the  mammillae  (M). 


Partial  etching  of  the  eggshell  assembly 


Figure  3  is  a  micrograph  of  the  cross  section  of  the  shell,  etched  in  EDTA  for  1  hour.  On  the 
basis  of  the  etching  rates,  the  shell  can  be  divided  into  distinct  regions,  numbered  1  through  5. 


Keeton  I  v>.is  almost  complclck  etched  a"as  m  this  case.  and.  therclorc,  was  most  susceptible 
tn  dcmii'crali/aiion.  The  second  most  susceptible  return  is  return  4.  in  the  upper  hall  of  the 
palisade  Rcpion  HI  is  most  resistant  to  demmcrah/atiun  Cavities  are  tunned  in  the  lower  part  ot 
re e ion  '  ti  e  repion  3a).  alter  prolonged  cvpusurc  to  I  DI  A  (as  in  l  ip  li  imlieatiiip  that  tins 
reeion  is  also  susceptible  to  demineralization 


l  iiture  1  .  Cross  section  ot  the  shell  etched  lor  1  hour  l  ice  distinct 
regions  t  t.2.'.-l  and  5)  can  be  identified. 


I  tpurc  4  :  Cross  section  of  the  shell  etched  for  2  hours  Cavities  are 
formed  in  region  3a. 
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A  higher  magnification  micrograph  of  the  broad  interface  between  the  palisade  layer  and  the 
membrane,  after  2  hours  etching  in  EDTA  solution,  is  shown  in  Fig. 5.  It  can  be  clearly  seen 
that  the  organic  sheets  protrude  from  the  shell  membrane  in  the  mammillary  zone.  Their 
morphology  and  that  of  the  crystalline  fragments  still  present  in  this  figure  suggest  that  the 
knob-like  morphology  of  the  mammillae  in  Fig.2  is  an  artifact  of  EDTA  demineralization.  This 
view  is  strengthened  by  Fig. 6,  which  shows  a  view  of  the  broad  interface  after  prolonged 
demineralization;  it  appears  that  the  vertical  organic  sheets  collapse  upon  demineralization  to 
form  the  mammillary  "knobs",  which  we  now  believe  to  be  a  misnomer. 


Figure  5  :  Cross  section  of  the 
lower  pan  of  the  shell  after  2 
hours  in  EDTA.  Organic  sheet 
clusters  (OS)  can  be  seen,  as 
well  as  some  crystalline 
remnants  (arrowed). 


Figure  6  :  Cross  section  of  the 
lower  pan  of  the  shell  after  9 
hours  in  EDTA.  Organic 
sheets  (OS)  collapse  to  form 
mammillae  (M). 


DISCUSSION 


From  the  above  observations,  one  can  draw  an  inference  that  the  mammillae  comprise 
discrete  aggregates  of  fine  organic  sheets,  mixed  with  calcitc  crystals.  However,  because  of  the 
mechanical  forces  arising  during  extensive  dccalcificaiion  of  the  shell,  these  organic  sheets 
collapse  to  form  the  so  -  called  mammillary  knobs,  which  are  apparently  artifacts  of  in  viint 
demineralization.  Careful  demineralization  shows  the  true  nature  of  the  calcification  sites  to  he 


fine  organic  sheets.  In  a  separate  paper  in  this  proceedings  the  iiltrastmcture  ol' eggshell  has 
been  studied  by  transmission  electron  microscopy  arid  the  aggregation  of  organic  sheets  and 
calcite  crystals  in  the  mammillary  zone  is  further  confirmed  1 14| 

A  one  to  one  relationship  between  the  regions  of  rapid  demineralization  and  the  calcium 
reserve  assembly  (CRA)  |I5|  apparently  exists  A  CRA  consists  of  three  distinct  regions, 
namely  the  fhucpldtc  (BP)  which  is  partially  integrated  into  the  outer  membrane,  a  c  ah  turn 
wrri'c  hody  (CRB).  attached  to  the  BP.  and  a  distinct  i'RB  nncr.  Another  structure,  the 
irown.  is  present  on  top  ot  the  CRA  The  relative  positions  and  the  sizes  of  the  various  regions 
oi  the  CRA  and  the  crown  are  shown  ut  lug  7  On  the  basis  of  this  correlation,  regions  I  ami  2 
in  lug  4  comprise  the  LIP  and  CRB.  which  are  about  70-  1(H)  pm  in  thickness;  part  of  region  7 
forms  the  crown,  which  is  40  pm  thick.  I  tie  crown  region  ami  the  CRB  are  most  susceptible  to 
decalcification,  providing  further  evidence  that  during  natural  decalcification  of  the  shell,  the 
growing  embryo  draws  its  calcium  from  the  CRB. 


figure  7  ;  The  calcium 
reserve  assembly  (CRAi  and 
the  crown  CRB  =  calcium 
CR  \  reserve  body.  SM  =  shell 
membrane.  |Ref.  1 5 ) 


CONCLUSION 


The  eggshell  assembly  can  be  used  as  a  model  system  for  studying  and  understanding  the 
complexities  of  biomineralization.  Preferential  etching  occurs  in  the  eggshell  assembly,  although 
the  entire  shell  is  mainly  calcitie  in  nature;  this  spatial  variation  in  decalcification  has  implications 
involving  differences  in  the  microstructure  of  calcite,  as  well  as  the  differences  in  the  organic 
matrix,  along  the  entire  length  of  the  palisade.  Complete  IDT  A  demineralization  of  die  organic 
sheet  -  calcite  aggregates  leads  to  the  collapse  of  the  sheets,  forming  ariifactital  knob  like 
structures  on  the  shell  membrane. 
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ABSTRACT 

We  studied  the  microstmctures  of  hydroxyapatite  (HA)  ceramics  which  were  sintered  under 
three  different  conditions.  It  was  found  that  all  the  ceramics  were  of  .sub-micromcier  structure. 
The  synthetic  HA  ceramics  were  also  compared  with  human  enamel.  It  is  concluded  that  human 
enamel  has  higher  strength  because  of  its  unique  microstructure. 


INTRODUCTION 

Human  hard  tissues  are  composed  of  living  cells  and  bone  matrix.  The  main  components  of 
the  bone  matrix  are  organic  collagen  and  inorganic  hydroxyapatite  (HA).  HA  occupies  nearly  69 
wt<&  of  bone  { 1],  Extensive  study  by  many  researchers  has  shown  that  HA  ceramic  is  a  hioactive 
material,  with  good  biocompatibility  in  the  biological  environment  and  the  ability  to  bond  with 
the  body's  hard  and  soft  tissues.  However,  the  poor  sintering  properties  of  HA,  and  especially 
its  bad  fracture  strength  and  fatigue  resistance,  restrict  its  applications.  Human  enamel  is  a 
natural  nanometer  HA  ceramic  with  a  high  strength.  Promoting  the  powder  sintering  properties 
of  HA,  and  increasing  the  strength  and  fatigue  resistance  of  synthetic  HA  ceramic,  is  now  an 
important  subject  in  the  biomaterials  field.  In  this  paper,  the  submicrometer  structure  of  HA 
ceramic  is  reported  and  discussed. 


EXPERIMENT 

Materials 

High-purity  HA  powder,  and  a  small  amount  of  glass  as  sintering  aid,  were  sufficiently 
mixed.  The  glass  must  be  wetting  to  HA  and  must  cause  no  structure  cnange  of  HA  in  the 
sintering  process.  The  melting  point  of  the  glass  must  be  lower  than  1200  °C,  because  when  the 
temperature  is  higher  than  1200°C,  HA  will  lose  OH-  groups.  In  this  paper,  the  glass  that  we 
chose  was  based  on  Si203  and  B2O3. 

The  mixed  powder  was  sintered  in  the  following  different  ways  to  obtain  samples: 

1 .  in  Ar  under  hot  pressure  (100  kg/cm2  at  1 100°C)  for  1  hr 

2 .  in  air  under  hot  pressure  (300  kg/cm2  at  1  KX)°C)  for  0.5  hr 

3.  in  a  microwave  furnace  at  1000-  1050°C  for  2  min. 


Measurements 

The  sample  was  characterized  by  various  experimental  techniques.  Density  measurements 
were  made  by  the  displacement  method  using  doubly  distilled  water.  Electron  micrographs  of 
samples  were  obtained  by  high-resolution  electron  microscopy  at  the  level  of  grains  and  at  the 
atomic  level.  The  grain  and  pore  sizes  of  samples  were  estimated  from  the  micrographs.  Bars  of 
2mm  x  3mm  x  26mm  were  cut  from  the  samples  with  a  diamond  saw.  The  fracture  strengths  of 
the  HA  ceramics  were  measured  with  these  unpolished  bars  in  three-point  bending. 
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Sintering  was  complete  under  all  three  sets  of  conditions.  The  sample  sintered  under  the  first 
set  of  conditions  (sample  A)  was  translucent,  with  a  density  of  3.127  g/cm\  a  fracture  strength 
of  1 1 5  MPa.  and  an  average  grain  size  of  0.46  pm  (Fig.l).  The  sample  sintered  under  the  second 
set  of  conditions  (sample  B)  was  opaque,  with  a  density  3. 107  g/cm\  a  fracture  strength  of  140 
MPa,  and  an  average  grain  size  of  0.35  pm  (Fig. 2).  For  the  third  set  of  conditions  (sample  C). 
the  density  was  3. 10  g/cm\  and  he  grain  size  was  smaller,  ranging  from  0.2  to  0.3  Jim  (Fig. 3). 
The  maximum  grain  size  of  all  sintered  samples  was  below  0.8  pm.  The  results  of  measure¬ 
ments  are  shown  in  Table  I. 


Table  I.  Physical  and  mechanical  properties  of  the  sintered  HA  ceramics 


_ 


Density 

(g/cm3) 

Grain  size 
(pm) 

Fracture 

strength 

(MPa) 

Transparency 

Sample  A 

3.127 

0.46 

115 

translucent 

Sample  B 

3.107 

0.35 

140 

opaque 

Sample  C 

3.100 

0. 2-0.3 

1 

opaque 

Microstructure 

The  structure  of  samples  was  observed  by  high  resolution  electron  microscopy  at  atomic  level. 
It  was  found  that  all  the  samples  had  the  same  structure  image.  Fig. 4  shows  the  structure  image 
along  the  [0001]  zone.  From  the  image,  it  is  found  that  the  structure  is  hexagonal,  having  space 
group  P6y/m  with  a  =  9.42  A  and  b  =  5.8  A.  This  result  indicates  that  all  the  samples  are  HA. 
In  Fig.4,  OH  and  Ca  in  a  unit  cell  can  be  seen  clearly. 


DISCUSSION 


Relationship  between  attuc.onE.flad  sirgngih 


Samples  A  were  translucent,  indicating  that  there  was  some  light  scattering  from  the  grain 
boundaries;  compared  to  samples  B.  considerable  grain  growth  occurred.  Long  sintering  time 
result*  in  increased  grain  and  pore  sizes.  For  the  microwave  sintering,  the  sintering  time  was 
much  shorter,  so  much  smaller  grains  are  obtained.  Theoretically,  the  sample  with  higher 
density  has  higher  fracture  strength.  In  this  paper,  all  samples  had  similar  densities,  regardless 
of  how  they  were  prepared.  Comparing  sample  A  and  sample  B.  it  is  found  that  the  second  one 
has  a  fracture  strength  (140  MPa)  which  is  higher  than  that  of  the  first  (1 15  MPa).  This  is 
because  of  their  different  microstructures.  Sample  B  shows  more  micro-pores.  These  pores  can 
relax  stress  to  enhance  the  strength  of  the  sample.  Furthermore,  cracks  in  ceramics  occur  and 
propagate  along  grain  boundaries.  In  the  ceramic  with  smaller  grains,  crack  growth  needs  to 
cover  a  longer  route  and  ex^.  J  more  eneigy.  This  is  also  a  reason  why  sample  B  has  a  higher 
strength.  Bars  characterized  in  the  experiments  were  not  polished;  otherwise,  the  strengths 
would  he  much  higher. 


Comparison  between  enamel  and  sintered  HA  ceramic 

Human  enamel  is  a  nanometer  HA  ceramic  with  a  high  fracture  strength.  Its  grains  are  small 
(20  x  50  x  2(X)nm)  and  have  a  prior  arrangement  direction  along  the  j(XX)l)  zone.  The  grain 
boundaries  of  human  enamel  are  wide,  with  many  dislocations  ]2|.  These  dislocations  can 
disperse  stress  concentration  to  increase  the  bonding  strength  of  the  grain  boundary.  Compared 
to  human  enamel,  the  synthetic  HA  ceramic  is  composed  of  larger  grains;  these  grains  are 
irregular  in  shape  and  arrangement.  The  grain  boundaries  in  synthetic  HA  are  more  narrow,  and 
there  are  fewer  dislocations  at  the  grain  boundaries  (Fig. 5).  So,  the  fracture  strength  of  the 
enamel  is  much  higher  than  that  of  synthetic  HA  ceramic. 
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l-iy. 5.  Electron  micrograph  of  a  grain  boundary  in  synthetic  HA  ceramic.  The  boundary  is  very 
clean,  with  tew  dislocations  at  the  hoimdary. 


Emm  the  comparison  above,  it  is  found  that  there  are  significant  mierostnietural  differences 
between  the  synthetic  HA  ceramic  and  human  enamel.  Human  enamel  has  a  much  higher 
fracture  strength  because  of  its  unique  microstruelure.  In  order  to  promote  the  strength  of 
synthetic  HA  ceramic,  we  must  pay  attention  to  the  following  factors 

1 .  The  grains  of  human  enamel  are  much  smaller  than  those  of  1 1A  ceramic.  Limiting  grain 
growth  in  the  sintering  process,  to  obtain  HA  ceramic  with  smaller  grains,  is  helpful  to 
enhancing  material's  strength. 

2.  The  significant  differences  between  the  grain  boundaries  of  human  enamel  and  synthetic 
HA  ceramic  show  that  it  is  important  to  improve  the  grain  boundaries  of  synthetic  HA 
ceramic,  to  increase  the  bonding  strength  of  the  boundaries. 

V  The  shape  and  arrangement  of  the  grains  also  influence  the  material  strength.  How  to 
control  the  grain  shape  and  arrangement  in  the  sintering  process  needs  further  research 


CONCLUSIONS 


We  obtained  sub-micrometer  HA  ceramics  by  hot-pressure  sintering.  Those  sintered  under 
higher  hot  pressure  for  shorter  sintering  times  had  higher  fracture  strength.  Human  enamel  has 
higher  strength  because  of  its  unique  microstructure. 
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ABSTRACT 

Crazing  and  shear-deformation  phenomena  are  found  in  thin 
gelatin  films.  The  gelatin  crystallinity  and  relative  humidity  affect 
these  deformation  mechanisms  significantly.  A  deformation  map  of 
gelatin  films  at  low  strain  rate  is  established. 

INTRODUCTION 

The  mechanical  failure  behaviors  of  polymeric  materials  are 
governed  to  a  large  extent  by  their  deformation  modes  before  final 
fracture.  These  deformation  modes  are  brittle  failure  which  is 
determined  by  material  surface  energy,  semibrittle  failure  which  is 
characterized  by  crazing  phenomena,  and  ductile  failure  which  is 
associated  with  a  shear  yielding  mechanism.  Brittle  to  ductile 
transitions  and  crazing  to  shear  deformation  transitions  have  been 
observed  in  many  polymers  (1-31.  These  transitions  actually 
determine  polymer  failure  behavior  in  terms  of  fracture  toughness, 
impact  strength,  and  even  fatigue  characteristics. 

The  microscopic  molecular  textures  such  as  entanglement 
density  (aging  history),  crosslinking  density,  crystallinity,  and  the 
morphology  of  secondary  phases  determine  when  such  transitions 
occur.  Furthermore,  it  is  well  known  that  all  the  plastic  deformations 
such  as  crazing  and  shearing  are  thermal  activation  processes  [4 j .  So 
temperature  has  a  large  impact  on  brittle  to  ductile  and  crazing  to 
shear  deformation  transitions.  In  general,  for  a  given  applied  stress 
field,  a  given  strain  rate,  and  a  given  temperature,  the  material’s 
response  to  that  stress  field  depends  on  the  microstructure  of  the 
material.  Once  such  a  structure-properties  relation  is  established,  it 
opens  many  possibilities  to  tailor  material  structures  to  meet  specific 
product  requirements  for  practical  use. 

Gelatin  is  a  biopolymer  and  serves  as  a  primary  photographic 
binder.  Its  mechanical  properties  are  essential  to  the  end  use  of 
photographic  films.  Since  water  is  a  good  solvent  to  gelatin,  moisture 
has  a  severe  plasticizing  effect  which  lowers  gelatin's  glass  transition 
temperature  Tg  and  melting  temperature  Tm  significantly  [5], 
Therefore,  the  moisture  effect  to  some  extent  can  be  considered  as  a 
temperature  effect  for  gelatin.  It  is  well  known  that  the  Young's 
modulus,  break  stress,  yield  stress  and  viscoelastic  properties  of 
gelatin  are  strong  functions  of  relative  humidity.  However,  little  is 


Mat.  Res.  Soc.  Symp.  Prcc.  Vol.  292.  1993  Materials  Research  Society 


230 


known  about  the  nature  of  deformation  phenomena  of  gelatin.  Our 
objective  is  to  investigate  how  gelatin  fails  under  stress  and  what 
materials  (crystallinity,  morphology,  aging  history)  and 
environmental  (relative  humidity,  temperature,  strain  rate) 
parameters  control  that  failure  process.  Ultimatelv  we  should  relate 
the  results  to  the  failure  behavior  of  gelatin  films. 

In  this  study,  we  investigate  the  brittle  to  ductile  and  crazing 
to  shear  deformation  transitions  by  examining  the  plastic 
deformation  zones  in  front  of  a  Mode  I  crack  in  gelatin  coatings. 

EXPERIMENTS 

Since  gelatin  is  a  fragile  material,  pure  Kodak  type  IV  gelatin 
coatings  (coated  on  a  polymer  support)  were  deformed  with  polymer 
support  at  different  relative  humidities  in  order  to  minimize  further 
deformation  during  handling.  The  specimen  geometry  is  shown  in 
Fig.l.  The  bare  polymer  supports  were  deformed  at  various 
humidities  too  and  they  showed  no  apparent  plastic  deformation.  So 
whatever  was  observed  in  gelatin  coatings  on  the  support  is 
attributed  to  the  deformation  of  gelatin.  These  specimens  of  various 
degrees  of  crystallinity  with  Mode  I  precracks  (cut  with  a  razor 
blade)  were  deformed  with  an  Instron  tester  at  cross-head  speed  of 
0.5  mm/min  to  a  maximum  load  of  15  lb.  Also  some  of  the  coatings 
were  peeled  away  from  the  support  and  tensile  tests  were 
performed  on  these  free-standing  films.  The  plastic  deformations  in 
all  these  samples  were  observed  using  optical  microscopy.  In 
addition,  x-ray  diffraction  patterns  were  collected  for  some  of  the 
deformed  tensile  samples. 
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Fig.  1  The  geometry  of  Mode  I  specimens. 

The  glass  transition  temperature,  melting  temperature,  and 
degree  of  crystallinity  of  gelatin  films  were  measured  using  a 
Perkin-Eimer  DSC  7  with  temperature  rate  of  10°C/min.  These 
gelatin  coatings  have  crystallinities  AH  of  0.0,  0.6,  1.9,  and  3.2 
cal/gram  respectively.  Fig.  2  shows  a  typical  DSC  scan  of  a  gelatin 
film  with  an  apparent  glass  transition  and  a  melting  peak.  The  scan 
also  shows  a  aging  peak,  but  the  variation  of  aging  peaks  among  the 
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samples  is  not  significant;  for  simplicity  these  coatings  can  be 
considered  as  having  similar  relaxation  enthalpy  or  aging  history. 
Fig.  3  shows  Tg  and  Tm  as  function  of  relative  humidity  for  the 
samples  that  were  examined.  Noticeably,  the  glass  transition 
temperature  Tg  at  8(V3  RH  is  very  close  to  room  temperature. 


Temperature  ;  C) 

f-ig.  2  A  typical  DSC  scan  of  a  gelatin  film  at  50%  RH. 
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Fig.  3  Tg  and  Tm  as  function  of  relative  humidity. 

RESULTS 

Figs.  4  &  5  show  the  typical  crazing  and  shear  deformation  in 
gelatin,  respectively.  As  seen  in  Fig.  6,  x-ray  diffraction  (100)  peak 
of  the  gelatin  triple  he,;v  SJr..^.,.rr  -^creasing  ge]  citin 

crystallinity  due  to  deformation.  Three  deformation  transitions, 
brittle  (no  deformation)  to  crazing,  crazing  to  shear  deformation, 
shear  deformation  to  crazing  again,  were  observed  as  relative 
humidity  increased.  The  transition  relative  humidities  at  which  such 
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transitions  occur  are  strongly  dependent  on  the  degree  of 
crystallinity  of  a  film  at  humidities  below  65*#  RH.  There  is  a  certain 
margin  around  a  transition  relative  humidity  within  which  both 
crazing  and  shear  deformation  coexist.  Therefore  the  final 
judgement  of  transition  relative  humidity  is  based  on  the  dominant 
deformation  feature  at  the  close  vicinity  of  a  crack  tip.  Fig.  7 
summarizes  these  results  (at  Instron  crosshead  speed  of  0.5 
mrn/min)  into  a  deformation  map  where  the  deformation  mode  can 
be  determined  at  given  crystallinity  and  telative  humidity. 


(a)  (b) 


Fig. 4  Typical  crazing  phenomena  of  gelatin:  (a)  in  front  of  a  Mode  1 
crack;  (b)  in  a  deformed  tensile  sample. 


(a)  (b) 

Fig.  5  Typical  shearing  phenomena  of  gelatin:  (a)  in  front  of  a  Mode  I 
crack;  (b)  in  a  deformed  tensile  sample. 

DISCUSSIONS 

The  features  of  two  typical  plastic  deformations  observed  in 
broken  tensile  samples  shown  in  Figs.  4  &  5  agree  well  with  the 
general  descriptions  of  crazing  and  shearing  in  literature  |1,6|.  The 
crazes  (Fig.  4)  lay  perpendicular  to  the  direction  of  tensile  stress,  and 
the  shear  bands  (Fig.  5)  approximately  develop  along  the  direction  of 
maximum  shear  stress  which  is  45°  off  the  direction  of  tensile  stress. 
The  crazing  zone  tn  front  of  a  Mode  I  crack  (Fig.  4)  in  gelatin  strongiy 
resembles  the  craze  distribution  around  a  Mode  I  crack  in 
polystyrene  1 7 j .  The  shear  deformation  zone  in  front  of  a  Mode  I 
crack  (Fig.  5)  can  be  described  using  a  Mode  I  plane  stress  slip  line 
field  1 8 ]  (see  Fig. 8)  which  is  generated  based  on  a  perfect  plastic 
material  model  obeying  the  Von  Mises  or  Trcsca  shearing  criterion. 


The  moisture  effect  on  these  deformation  transitions  can  be 
understood  as  the  temperature  effect.  Both  shear  yielding  stress  and 
crazing  stress  are  functions  of  temperature;  which  stress  is  lower  at 
a  given  temperature  or  relative  humidity  decides  the  mode  of 
deformation. 
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Fig.  6  Wide-angle  x-ray  diffraction  of  (100)  peak  of  triple  helix 
structure  in  gelatin.  The  sample  was  deformed  at  80%  RH. 
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Fig.  7  The  deformation  map  of  gelatin  at  70°F,  displacement  rate  of 
0.5  mm/min. 


Fig.  8  The  slip-line  field  in  front  of  a  plane  stress  Mode  I  crack. 
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The  x-ray  diffraction  data  provide  the  evidence  that  the 
crystalline  structure  of  a  gelatin  film  is  disturbed  after  deformation. 
The  explanation  of  this  decreasing  (100)  peak  needs  further  study 
However,  it  implies  that  both  crystalline  domains  and  amorphous 
regions  of  a  gelatin  film  are  involved  in  a  deformation  process. 
Therefore,  the  shear  yielding  stress  and  crazing  stress  should  depend 
on  the  crystallinity  of  gelatin.  Experimental  results  (see  Fig.  7)  do 
show  that  gelatin  crystallinity  strongly  affects  the  deformation 
mechanisms  at  relative  humidities  below  65%  RH.  Further 
experiments  and  detailed  analysis  of  each  transition  will  be 
published  elsewhere. 

CONCLUSIONS 

There  are  three  deformation  transitions  in  gelatin  films,  they 
are  brittle  (no  deformation)  to  crazing,  crazing  to  shear  deformation, 
shear  deformation  to  crazing.  The  transitions  are  achieved  as 
relative  humidity  increases.  The  crystallinity  of  gelatin  strongly 
affects  the  transition  relative  humidities  at  which  such  transitions 
occur. 
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ABSTRACT 

Thin  films  of  organic  molecules,  such  as  Langmuir  monolayers  and  freely  suspended 
smectic  films,  can  exhibit  a  spontaneous  breaking  of  chiral  symmetry.  This  chiral  sym¬ 
metry  breaking  can  occur  through  at  least  three  possible  mechanisms:  ( 1  I  the  relation 
between  tilt  order  and  bond -orientational  order  in  a  tilted  hexatic  phase.  (2t  a  special 
packing  of  non- chiral  molecules  on  a  two-dimensional  surface,  and  (3)  phase  separation 
of  a  racemic  mixture  Because  the  chiral  order  parameter  is  coupled  to  variations  in  t In¬ 
direction  of  molecular  tilt,  chiral  symmetry  breaking  leads  to  the  formation  of  patterns  li¬ 
the  tilt  direction  with  one-dimensional  or  two-dimensional  order  Using  a  Landau  theory, 
we  investigate  these  patterns  and  predict  the  critical  behavior  near  the  dural  symmetry 
breaking  transition. 

INTRODUCTION 

There  is  a  very  general  connection  between  molecular  chirality  and  pattern  formation 
in  liquid-crystalline  systems.  On  a  molecular  scale,  the  fundamental  basis  of  tlu.s  connec¬ 
tion  is  that  chiral  molecules  do  not  park  parallel  to  their  nearest  neighbors.  Rather,  there 
is  some  finite  displacement  angle  between  each  molecule  and  its  nearest  neighbors  On  a 
more  macroscopic  scale,  molecular  chirality  leads  to  a  continuum  free-  energy  timt  favors 
a  finite  twist  in  the  director  field  (Ij.  In  a  bulk  three-dimensional  (3D)  system,  this  finite 
twist  leads  to  a  cholesteric  phase,  with  a  helical  pattern  in  the  molecular  director,  and 
a  smectic  C’*  phase,  in  which  the  director  rotates  from  each  layer  to  the  next  In  thin 
films,  the  molecules  are  frustrated,  because  it  is  impossible  to  aeeormiiodate  a  uniform 
twist  in  a  2D  system.  As  a  result,  in  thin  films,  chiral  molecules  form  a  striped  pattern 
of  parallel  defect  walls  separating  regions  with  the  favored  twist  [2],  Furthermore,  in  the 
specific  case  of  tilted  hexatic  films,  chiral  molecules  form  star  drfects  with  spiral  arms  (3|. 
The  spiral  form  of  the  defect  arms  is  a  direct  result  of  the  chirality  of  the  molecules. 

In  recent  experiments  on  Langmuir  monolayers  (4-5)  and  freely  suspended  smectic 
films  [6],  striped  patterns  and  spiral  star  defects  have  been  found  in  2D  systems  of  non 
chiral  molecules  Because  of  the  observation  of  spiral  star  defects,  these  systems  have 
been  identified  as  chiral  phases  of  non-chiral  molecules.  The  chiral  symmetry  of  the 
molecules  is  spontaneously  broken  in  the  macroscopic  phase.  These  experimental  results 
lead  to  two  general  questions:  (1)  What  is  the  mechanism  for  breaking  chiral  symmetry!’ 
12 1  How  is  chiral  symmetry  breaking  related  to  pattern  formation  in  these  2D  systems? 

In  this  paper,  we  address  both  of  those  questions.  We  first  discuss  the  mechanism 
for  chiral  symmetry  breaking,  and  propose  three  specific  mechanisms.  We  then  use  a 
Landau  theory  to  investigate  the  connection  between  chiral  symmetry  breaking  (through 
any  mechanism)  anti  pattern  formation.  We  find  a  general  phase  diagram  that  exhibits  a 
uniform  non-chiral  phase,  a  striped  pattern,  a  square  lattice,  and  a  uniform  chiral  phase 
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1  F  l. 

Fig  1.  The  tilt  and  bond  directions  in  the  hexatic-/,  F,  and  L  phases  of  Langmuir 
monolayers  of  non-chiral  molecules.  Note  that  the  hexatic-Z,  phase  is  chiral  while  the  / 
and  F  phases  are  non-chiral. 


We  also  discuss  the  critical  behavior  at  the  transition  from  the  uniform  non-chiral  phase 
to  the  striped  phase.  This  paper  reviews  work  from  Refs.  [7-8],  and  further  details  can 
be  found  in  those  references. 

MECHANISMS  FOR  CHIRAL  SYMMETRY  BREAKING 

There  are  several  possible  mechanisms  for  breaking  chiral  symmetry  in  a  Langmuir 
monolayer.  First.  Langmuir  monolayers  are  believed  to  exhibit  tilted  hexatic  phases  in  a 
large  region  of  the  phase  diagram  [4-5}.  In  a  tilted  hexatic  phase,  chiral  symmetry  ran  be 
broken  by  the  relation  between  tilt  order  and  bond-orientational  order.  As  indicated  in 
Fig.  1,  there  are  three  different  tilted  hexatic  phases,  in  which  the  tilt  direction  is  locked 
in  different  ways  with  respect  to  the  bond  directions.  The  tilt  direction  (projected  into 
the  layer  plane)  can  be  locked  along  one  of  the  six  local  intermolecular  bonds  (hexatic-/), 
halfway  between  two  intermolecular  bonds  (hexatic-F),  or  at  an  intermediate  direction, 
between  0°  and  30°  from  a  local  bond  (hexatic-/,).  All  three  of  these  phases  have  been 
identified  in  x-ray  scattering  experiments  on  lyotropic  lamellar  systems  [9].  Note  that  the 
hexatic-/  and  F  phases  have  a  reflection  symmetry,  but  the  hexatic-L  phase  does  not, 
and  hence  it  is  a  chiral  phase.  The  chiral  order  parameter  is  0(r)  =  sin[6(<£(r)  —  0(r))[, 
where  0  is  the  azimuthal  angle  of  the  tilt  and  0  is  the  orientation  of  the  bonds  relative 
to  the  z-axis. 

A  second  possible  mechanism  for  chiral  symmetry  breaking  in  a  Langmuir  monolayer 
is  the  packing  of  non-chiral  molecules  on  a  2D  surface.  This  mechanism  depends  on  the 
symmetry  of  the  molecules  themselves.  If  the  molecules  have  the  symmetry  of  a  cylinder 
with  a  single  side  group  (like  an  ordinary  pen  with  a  clip),  then  they  can  pack  on  the 
surface  in  two  inequivalent  wavs  that  are  mirror  images  of  each  other,  with  the  side  groups 
extending  to  the  right  or  to  the  left  of  the  molecules.  The  chiral  order  parameter  is  then 
the  difference  in  the  densities  of  the  two  packings.  By  contrast,  if  the  molecules  have 
perfect  cylindrical  symmetry,  then  this  mechanism  for  chiral  symmetry  breaking  is  not 
possible.  Note  that  this  mechanism  does  not  depend  on  the  presence  of  hexatic  order  in 
the  monolayer. 

Finally,  a  third  possible  mechanism  for  chiral  symmetry  breaking  in  a  Langmuir 
monolayer  is  phase  separation  of  a  racemic  mixture.  If  the  monolayer  is  composed  of  a 
racemic  mixture  of  two  opposite  enantiomers,  the  mixture  can  separate  to  form  chiral 
domains.  In  this  case,  the  chiral  order  parameter  is  simply  the  difference  in  densities  of 
the  two  enantiomers.  This  mechanism  does  not  occur  in  the  experiments  of  Refs.  [4-5], 
because  the  molecules  used  in  those  experiments  are  non-chiral,  but  it  could  occur  in 
other  systems. 

In  a  freely  suspended  smectic  film,  chiral  symmetry  can  be  broken  by  the  second 
and  third  mechanisms  described  above— either  packing  of  molecules  in  the  film  or  phase 
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separation  of  a  racemic  mixture.  However,  chiral  symmetry  breaking  through  the  relation 
between  tilt  order  and  bond-orientational  order  is  more  subtle.  This  mechanism  depends 
on  the  thickness  of  the  Him  relative  to  the  director  correlation  length.  In  a  thin  film, 
the  3D  molecular  director  A  is  uniform  across  the  thickness  of  film.  If  the  top  and 
bottom  surfaces  are  equivalent,  as  is  normally  the  ease,  then  n  is  equivalent  to  -n.  For 
that  reason,  all  three  of  the  tilted  hexafie  phases  have  an  inversion  symmetry,  and  hence 
sin;C(o  -d)j  is  not  a  chiral  order  parameter  for  a  thin  smectic  Him.  By  contrast,  in  a  thick 
film,  n  is  not  uniform  across  the  thickness  of  the  film  As  a  result,  the  top  and  bottom 
layers  are  individually  equivalent  to  Langmuir  monolayers,  and  hence  the  hexatic  L  phase 
does  break  chiral  symmetry. 

PATTERN  FORMATION 

To  investigate  the  connection  between  chiral  symmetry  breaking  and  pattern  forma¬ 
tion.  we  have  developed  a  Landau  theory  in  terms  of  a  general  chiral  order  parameter 
r.-(r)  and  the  2D  tilt  director  field  clrf  —  i  eos  <?{r),  sin  o(  r) ).  Here,  c  is  the  (normalized) 
projection  of  the  3D  molecular  director  n  into  the  _ry  plane.  The  general  free  energy  ejui 
be  written  as 

F  = 

In  this  expression,  the  first  three  terms  are  the  Ginzbiirg-Laiidau  expansion  in  powers  of 
f.  with  the  coefficient  t  passing  through  I)  as  a  function  of  temperature  The  next  two 
terms  are  the  Frank  free  energy  for  variations  in  c  For  simplicity,  we  make  the  single- 
Frank  constant  approximation  /vt  —  A’s  =  AT.  The  final  term  is  the  coupling  between 
dural  symmetry  breaking  and  variations  in  the  director  field.  It  corresponds  to  the  Vxc 
term  that  has  been  considered  in  earlier  theories  of  striped  phases  of  chiral  molecules 
;9-12j.  but  here  chiral  symmetry  is  broken  by  the  order  parameter  v(r).  which  can  itself 
vary  across  the  monolayer. 

Through  a  combination  of  analytic  calculations  and  numerical  minimization  of  the 
free  energy,  we  have  derived  the  mean-field  phase  diagram  of  Fig.  2.  It  is  shown  schemat¬ 
ically  in  terms  of  the  temperature  t  and  the  coupling  A  for  fixed  K .  n.  and  u.  At  high 
temperature,  the  system  is  in  the  uniform  non- chiral  phase.  From  this  uniform  uon-chirai 
phase,  there  is  a  second-order  transition  into  the  striped  phase.  The  natme  of  the  striped 
pattern  changes  continuously  as  the  temperature  decreases,  as  shown  in  Fig.  3.  Just  be¬ 
low  the  transition,  the  system  is  in  the  sinusoidal-stripe  regime,  in  which  both  v  and  o 
vary  sinusoidally  as  functions  of  position.  Ill  this  regime,  the  wavelength  of  the  striped 
pattern  decreases  as  the  temperature  decreases.  At  lower  temperature,  the  system  crosses 
over  into  the  soliton-stripe  regime,  which  consists  of  domains  of  constant  v  and  linear 
variation  of  o.  separated  by  soli  tons  (sharp  domain  walls)  in  which  i.’  changes  sign.  In 

regime,  the  width  of  the  stripes  increases  as  the  temperature  decreases  When  the 
'tripe  width  diverges,  there  is  a  transition  to  the  uniform  chiral  phase. 

For  small  coupling  A.  there  is  a  smooth  evolution  from  the  sinusoidal-stripe  regime 
to  the  soliton-stripe  regime.  For  larger  values  of  A,  these  two  regimes  are  separated  by 
a  t  wo-dimeusionnlly  ordered  phase,  illustrated  in  Fig.  4.  This  phase  consists  of  a  square 
lattice  of  cells  with  alternating  positive  and  negative  chirality,  separated  by  sharp  walls 
across  which  t,«  changes  sign.  Because  of  this  lattice  of  alternating  chirality,  there  is  a  tilt 
vortex  at  the  center  of  each  cell  ami  an  autivortex  at  each  corner  where  four  colts  meet. 

Most  of  our  quantitative  results  for  this  mode!  have  been  discussed  in  detail  in 
Ref.  ;S].  However,  it  is  useful  to  emphasize  the  critical  behavior  near  the  transition  from 
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Fig.  2.  Schematic  view  of  the  mean-field  phase  diagram.  Here,  t  is  temperature  and  A  is 
the  coupling  between  the  chiral  order  parameter  and  the  curl  of  the  tilt  director  field. 

the  uniform  non-chiral  phase  to  the  striped  phase.  To  understand  the  mean-field  critical 
behavior  of  xb  and  <t> ,  we  make  the  variational  ansatz  0(r)  =  rp0cosqi,  4>{r)  =  do  sin  qx. 
By  minimizing  the  free  energy  over  the  amplitudes  i/>0  and  <j>o  and  the  wavevector  q,  we 
find  a  second-order  transition  from  the  uniform  non-chiral  phase  to  the  striped  phase 
at  the  critical  temperature  tc  =  X2  / K .  Just  below  the  transition,  the  amplitudes  and 
wavevector  scale  as  do  oc  (tc  —  t),  do  oc  q  oc  ( tc  —  The  critical  exponent  3  =  \ 

for  the  amplitude  do  is  surprising  because  it  is  not  equal  to  the  mean-field  Ising  critical 
exponent  3  =  1/2. 

If  we  apply  a  magnetic  or  electric  field  that  couples  to  the  tilt  director  c,  the  nature 
of  this  phase  transition  changes  significantly.  A  field  h  in  the  x-direction  leads  to  an  ad¬ 
ditional  term  of  —h cos<t>  ~  -/i  4-  j h<p2  in  the  free  energy.  As  a  result,  the  transition  from 
the  uniform  non-chiral  phase  to  the  striped  phase  is  depressed  to  the  critical  temperature 
tc  =  (A  —  (hK)}/*)2/K.  Furthermore,  the  striped  pattern  sets  in  at  the  finite  wavevector 
q  =  (htr/ K k)1?*  rather  than  at  q  =  0.  In  this  case,  the  amplitudes  do  and  <>o  of  the 
sinusoidal  modulation  both  scale  as  »/>0  oc  Oo  oc  (tc  —  t)1^,  just  as  in  mean-field  theory 
for  the  Ising  model.  Thus,  a  finite  field  suppresses  the  anomalous  critical  exponent  for 
do  found  in  the  zero-field  case. 

In  Ref.  (8|,  we  go  beyond  mean-field  theory  in  the  zero-field  case  by  considering  how 
thermal  fluctuations  in  the  director  field  affect  the  transition  from  the  uniform  non-chiral 
phase  to  the  striped  phase.  We  find  that  these  fluctuations  lead  to  a  finite-wavevector 
instability  in  the  chiral  order  parameter.  Because  of  this  instability,  we  expect  the  transi¬ 
tion  to  be  driven  weakly  first-order.  In  the  presence  of  a  finite  field  h,  thermal  fluctuations 
in  the  director  field  are  suppressed,  and  hence  they  should  not  have  a  significant  effect 
on  the  transition  from  the  uniform  non-chiral  phase  to  the  striped  phase. 
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Fig.  3.  The  modulation  in  the  chiral  order  parameter  tl’(r)  and  the  tilt  direction  <£(r), 
at  three  temperatures  in  the  striped  phase:  (a)  t  =  0.9.  (b)  t  =  —1.  (c)  t  =  —2.  In  all 
three  plots,  X  =  K  =  k  ~  u  —  1.  Note  the  evolution  from  the  sinusoidal-stripe  regime  to 
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Fig.  4.  The  modulation  in  the  chiral  order  parameter  cl  r)  in  the  square  lattice  phase, 
at  t  —  -1,  A  =  4.  A’  =  k  —  u  =  1.  The  grey  scale  represents  the  magnitude  of  l\  with 
black  representing  positive  values  and  white  negative  values. 
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ABSTRACT 

a-Hemolysin  CaHL)  is  secreted  by  the  bacterium  Staphylococcus  aureus  as  a  water- 
soluble  polypeptide  of  293  amino  acid  residues  When  presented  with  lipid  bitayers  or  the 
detergent  deoxycholate  (OOC).  aHl  assembles  into  hexameric  cylindrical  pores  that  each 
contain  one  channel  -  ItOi  nm  in  internal  diametei.  A  long-term  goal  of  this  laboratory  is  io 
use  wild-type  or  re-engineered  aHL  pores  as  components  of  nonoscale  materials:  for 
example,  to  confer  novel  permeability  properties  upon  thin  films.  The  implementation  of  this 
concept  would  be  facilitated  by  a  better  understanding  of  the  mechanism  by  which  the 
pore  assembles.  Reviewed  here  are  findings  that  have  given  us  insight  into  the  assembly 
mechanism,  including  the  results  of  recent  mutagenesis  experiments,  A  critical  summary  is 
given  of  knowledge  about  the  conformation  of  the  monomer  In  solution,  the  tiexameric  pore 
and  two  proposed  intermediates  in  assembly  (a  membrane-bound  monomer  and  an 
oligomeric  pore  precursor).  Future  directions  are  outlined  including  the  prospects  of 
obtaining  three-dimensional  structural  data  on  the  aHL  pore  or  its  precursors,  methods  for 
obtaining  better  monolayer  sheets  and  new  experiments  on  the  topography  of  the  pore  and 
its  precursors.  The  role  of  membrane  receptors  in  facilitating  the  assembly  of  aHL  is  also 
discussed.  Finally,  it  is  demonstrated  that  despite  our  rather  rudimentary  knowledge  of  the 
assembly  process,  the  information  gained  so  far  still  allows  the  design  of  mutant  aHL 
polypeptides  with  useful  properties.  For  example.  aHL  mutants  whose  pore-forming  ability  is 
activated  by  proteases  have  been  made. 

STAPHYLOCOCCAL  cr-HEMOLYSIN  AS  A  CANDIDATE  FOR  PROTEIN  ENGINEERING 

A  long-term  goal  of  this  laboratory  is  to  utilize  a-hemolysin  CaHD  as  a  building  block  in 
molecular  devices  (1.2).  aHL  is  a  hydrophilic  293  amino  acid  polypeptide  (3-5).  folded  largely 
info  p-sheet  secondary  structure  (6).  which  is  secreted  by  Staphylococcus  aureus.  The 
molecule  binds  to  and  forms  pores  in  red  blood  cells  (RBCs)  (7).  phospholipid  vesicles  (8.9) 
and  planar  bilayers  (10).  The  diameter  of  the  aHL  pore  is  between  1.1  and  2.5  nm.  as 
estimated  from  measurements  of  the  single  chonnel  conductance  (10)  and  of  the 
permeability  of  the  channel  to  nonelectrolytes  (11).  aHL  pores  are  open  in  the  absence  of  an 
applied  electric  field,  but  close  when  a  transmembrane  voltage  of  sufficient  magnitude  is 
applied  (10). 

aHL  is  particularly  well  suited  for  use  as  a  component  in  nanoscale  blomolecuiar 
devices  (1.2).  It  is  a  robust  polypeptide,  with  a  sequence  that  is  short  enough  to  be 
conveniently  manipulated  with  recombinant  DNA  technology.  The  pore  can  assemble 
without  the  participation  of  cellular  organelles  or  enzymes.  For  example,  the  addition  of 
deoxycholate.  a  mild  detergent,  initiates  oligomerization  (12).  Further,  unlike  many  biological 
channels  (e  g.  the  acetylcholine  receptor),  the  pore  is  formed  by  the  assembly  of  identical 
subunits.  In  addition,  a  higher  level  of  self  assembly  occurs:  aggregates  of  the  pores  can 
form  extended  crystalline  two-dimensional  (2D)  arrays  (13.14). 

Therefore,  while  aHl  is  certainly  not  the  only  pore-forming  polypeptide  that  might  be 
used  in  biotechnology,  it  is  an  attractive  starting  point. 

POTENTIAL  UTILITY  OF  PROTEINACEOUS  NANOSCAlE  PORES 

Nanoscale  structures,  ranging  from  optical  and  electronic  devices  (15,16)  to  tiny 
machines  (17),  are  currently  made  from  inorganic  materials.  Organic  materials  might  also  be 
used  for  such  purposes  (18),  For  example,  molecules  containing  rings  of  atoms  that  slide 
along  molecular  wires  have  been  synthesized  (19).  In  addition  to  chemical  synthesis,  a 
plausible  source  of  organic  components  is  living  ceils,  which  have  been  producing 
nanoscale  structures  bosed  on  polypeptides  and  other  macromolecules  for  billions  of 
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years.  Indeed,  many  biological  molecules  perform  functions  that  parallel  those  of 
manufactured  structures,  including  signal  transduction  (20,21),  energy  transduction  (22).  and 
force  generation  (23)  The  point  of  using  polypeptides  in  molecular  devices  might  be 
questioned  since  nanofabrication  of  inorganic  materials  is  now  being  extended  to  the 
atomic  level  (15).  But  polypeptides,  before  or  after  rational  chemical  modification,  are 
sophisticated  molecules,  which,  in  addition  to  their  ability  to  seif-assembie.  can  recognize 
other  molecules.  Ligands  can  be  modified  or  translocated,  or  a  function  of  the  receptor  can 
be  activated  by  o  ligand-induced  conformational  or  organizational  change.  These 
properties  of  polypeptides  emerge  in  the  size  range  of  a  few  nanometers  and  above. 

Perhaps  the  most  compelling  proposed  application  (1.2)  for  aHL  Is  in  monolayer  (or 
perhaps  multilayer)  lattices  of  pores  bonded  to  support  matrices  for  use  in  membrane 
separation  systems,  sensor  technology  and  electronic  devices.  In  sensor  technology,  a 
coating  with  an  aHL  lattice  might  be  used  to  select  species  of  predetermined  size  and 
charge  fr>'  ci''ce”  to  ^  surface  such  ar  an  electrode  Pores  gated  by  voitaae.  light  or 
pressure  might  be  incorporated  into  microelectronic  devices  (Fig.  l) 


hv, 

hv2 


> 


oooo 

dZ}dZ}CZ>idZ>i 

cz>idz>idz>dz} 


Fig  1:  Speculative  depiction  of  a  photogated  monolayer  of  aHL  pores  A  photoisomenzable 
group,  such  as  azobisbenzer.e.  is  linked  to  a  cysteine  residue  that  has  tdun  introduced  Into 
aHL  at  a  single  site  by  site-directed  mutagenesis.  On  illumination  the  group,  which  blocks  the 
pore  in  the  dark,  isomerizes  and  changes  shape  permitting  ions  to  flow.  The  gate  doses 
when  illuminated  with  light  of  a  different  wavelength.  Adapted  from  ref.  (2). 

Regular  arrays  of  aHL  might  also  be  used  as  templates  for  metallic  nanostructures 
(.24)  or  a<  substrates  to  orient  other  proteins  (25).  which  could  be  attached  by  cysteine 
residues  introduced  at  selected  sites  by  genetic  engineering.  Eventually  it  will  be  possible  to 
alter  side-chains  that  project  into  the  channel.  The  secure  identification  of  residues  that 
control  ion  transport  will  allow  the  production  of  pores  with  a  range  of  properties  (e  g 
different  ion  selectivities.  pore  diameters,  and  gating  activities).  More  speculative  is  the 
possibiity  of  endowing  pores  in  lipid  bilayers  or  in  lottices  with  catalytic  properties,  an  idea 
that  has  proved  successful  with  antibodies  (26).  It  might  even  be  possible  to  achieve  active 
transport  of  selected  molecules  through  modified  aHL  pores. 

The  implementation  of  these  ideas  would  be  facilitated  by  an  understanding  of  the 
mechanism  by  which  the  aHL  pore  assembles.  Experimental  findings  that  bear  on  this  are 
reviewed  here,  information  about  the  assembly  of  oligomeric  membrane  proteins  also  has 
implications  in  basic  science:  for  understanding  the  biosynthesis  of  integral  membrane 
proteins,  the  physiological  effects  of  cytolytic  toxins  and  immune  proteins,  and  how 
receptors  aggregate  with  each  other  or  with  regulatory  proteins. 

ASSEMBLY  OF  aHL-  WHAT  WE  KNOW  NOW 

Recombinant  aHL:  Progress  both  in  fundamental  studies  of  aHL.  such  as  those  on  assembly 
described  below,  and  on  potential  applications  of  aHL  in  materials  synthesis  requires 
genetically  engineered  variants  of  the  wild-type  structure  Using  recombinant  DNA 
technology,  we  have  overexpressed  the  aHL  gene  in  Escherichia  coli  (27).  Approximately 
50%  of  the  cellular  protein  is  recombinant  aHL.  Recombinant  and  wild  type  aHL  are  virtually 
identical,  as  judged  by  several  criteria  based  on  protein  chemistry,  biological  assays  and 
electrical  recordings  (27).  For  example,  they  have  the  same  apparent  molecular  weight.  N- 
terminal  sequence  and  peptide  mops,  they  form  hexameric  structures  either  in  DOC  or  when 
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bound  to  RBCs,  and  they  are  equally  effective  at  lysing  RBCs.  Pores  formed  by  recombinant 
and  wild  type  aHL  also  exhibit  very  similar  electrical  properties  when  reconstituted  into 
planar  bilayer  membranes.  They  have  virtually  the  same  conductances,  and  the  pH- 
dependencies  of  the  kinetics  of  pore  formation,  the  conductance  values,  the  gating  kinetics 
and  the  Ion  seiectlvities  are  indistinguishable. 

The  ability  to  synthesize  aHL  and  mutants  thereof  by  In  vitro  transcription  and 
translation  (IVTT)  from  plasmid  DNA  has  greatly  facilitated  our  studies  (27-29).  This  procedure 
can  produce  useful  concentrations  of  aHL  of  up  to  50  jig/  mL  (aHL  is  hemolytic  at  -30  ng/ 
mL).  The  polypeptide  can  be  labeled,  when  necessary  (e  g.  for  RBC  binding),  with  35s  of 
high  specific  radioactivity.  Alterations  in  the  central  loop  have  been  made  by  using  an 
additional  technique  based  on  IVTT;  complementation  mutcgenesis.  in  which  aHL  is 
expressed  as  two  complementary  chains  from  two  plasmids  (29).  By  this  means  aHL 
polypeptides  have  been  made  with  nicks,  overlaps  and  gaps  in  the  loop  (Fig.  2).  This 
approach  is  superior  to  conventional  deletion  mutagenesis,  which  can  result  in  molfolding  of 
the  mutant  polypeptide  (Fig.  2.  far  right). 

00  dP 

wild-type  nick  overlap  gap  deletion 

Fig.  2:  Complementation  mutants  of  aHL.  See  refs.  (29,30)  for  details. 

Deletion  mutagenesis  has  contributed  to  an  understanding  of  oore  assembly:  Previous 
studies  had  suggested  a  model  for  the  assembly  of  aHL  in  which  a  glycine-rich  loop  exists  at 
the  surface  of  the  monomer,  constituting  a  hinge  about  which  the  polypeptide  opens  up  to 
form  an  amphipothic  rod  (6).  The  rod  inserts  into  the  lipid  bilayer  where,  because  of  its 
exposed  hydrophilic  face,  it  aggregates  into  an  oligomer,  the  hexameric  nature  of  which 
has  been  confirmed  by  chemical  crosslinking  (6).  To  identify  the  regions  of  the  molecule  that 
are  critical  for  assembly,  a  series  of  aHL  truncation  mutants  was  recently  produced  by  IVTT 
in  E.  coli  extracts  (28).  Three  classes  of  mutants  have  been  defined:  those  that  bind  to  RBC 
membranes  as  monomers  and  fail  to  oligomerize  or  do  so  only  slowly,  those  that  bind  and 
oligomerize  but  do  not  lyse  the  cells,  and  those  that  assemble  into  lytic  pores.  The  earlier 
findings  combined  with  the  results  from  mutagenesis  suggest  the  following  revised  minimal 
mechanism  for  assembly  of  the  aHL  pore,  in  which  the  central  region  is  now  regaraea  as  a 
loop  rather  than  a  hinge  (i.e.  it  has  no  active  role  in  oligomerization)  and  in  which 
oligomerization  occurs  before  a  final  conformational  change  in  which  the  transmembrane 
channel  is  formed  (Fig.  3) 

Let  us  examine  critically  the  evidence  for  structures  1  through  4.  The  proposed 
struciures  of  1  and  4  will  be  discussed  first  followed  by  a  summary  of  the  evidence  for 
assembly  intermediates  2  and  3. 

Monomeric  aHL  in  solution  (structure  1):  aHL  as  secreted  by  S.  aureus  or  after  expression  in  £. 
coli  ((27):  unpublished)  is  a  water-soluble  monomer  as  ascertained  by  go!  filtration  and 
sedimentation  analysis  (1  t.l 2).  The  monomer  consists  largely  of  j3  structure  os  determined 
from  its  circular  dichroism  (CD)  (6,31).  Monomeric  aHL  in  solution  contains »  dease-sensitive 
sites  near  the  midpoint  of  the  polypeptide  chain  that  lie  in  a  glycine-rich  seq^oce  (4,6).  The 
two  halves  of  the  polypeptide  chain  formed  by  proteolysis  in  this  central  loop,  or  by 
complementation  mutagenesis,  are  relatively  resistant  to  further  cleavage  (6,30),  suggesting 
that  they  are  intimately  associated  as  implied  in  Fig.  3.  By  contrast,  individually  synthesized  N- 
or  C-terminal  domains  of  the  polypeptide  are  highly  susceptible  to  proteolysis  (30). 
Therefore,  these  halves  are  either  maifoided  or  protease  sites  occluded  in  the  two  chain 
complexes  are  exposed.  Whatever  the  case,  separately  synthesized  halves  can  be 
combined  to  form  pore-forming  aHL  molecules  with  nicks  in  the  central  loop  (29). 
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Fig.  3:  Working  model  for  assembly  of  the  aHt  pore.  At  this  point,  the  model  is  intended  to 
provide  a  succinct  summary  of  experimental  findings  and  not  to  be  taken  too  literally.  The 
monomer  in  solution  (1)  comprises  two  domains  linked  by  a  glycine-rich  loop.  The  N-terminai 
VN)  and  C -terminal  (C)  domains  are  marked.  aHL  binds  to  the  cell  surface  as  a  monomer  in 
which  the  loop  is  occluded  (2)  A  nonlytic  oligomer  consisting  of  up  to  six  subunits  is  then 
formed  (3).  The  subunits  then  further  penetrate  the  membrane  to  form  the  lytic  pore  (4).  The 
interconversion  of  3  and  4  may  be  reversible  and  correspond  to  certain  gating  transitions  of 
the  pore  seen  in  planar  bilayers  (see  the  text)  Adapted  from  ref  (28). 

The  aHL  pore  (structure  4):  On  contact  with  membranes  or  the  detergent  DOC,  aHL  forms 
sodium  dodecyl  sulfate  (SDS)-resistant  oligomeric  structures  that  are  most  probably 
hexamers  Evidence  for  the  stoichiometry  of  the  oligomers  was  originally  obtained  by 
electron  microscopy  (EM),  which  detected  5  to  7  subunits  per  oligomer  (32).  More  recent 
application  of  a  rotational  averaging  technique  to  views  of  single  particles  in  membranes 
yielded  a  structure  with  six  symmetrically  arranged  peaks  (33).  By  contrast,  image 
reconstruction  from  2D  tetragonal  crystalline  arrays  of  aHL  oligomers  suggests  that  each 
oligomer  in  an  array  contains  four  subunits,  each  with  two  domains  (perhaps  the  N  and  C 
termini)  (14.34)  Additional  evidence,  including  results  from  freeze-fracture  EM.  suggests  that 
this  form  of  aHL  is  attached  to  the  outer  leaflet  of  the  lipid  bilayer  and  therefore  may 
represent  a  pore  precursor  such  as  3.  but.  surprisingly,  tetrameric.  This  view  is  supported  by 
the  finding  that  oligomers  formed  by  nonlytic  trypsin-treated  aHL  have  a  similar  projection 
structure  (34).  Experiments  based  on  gel  electrophoresis  and  sedimentation  analysis 
indicated  that  the  oligomer  formed  on  RBCs  cr  in  detergent  was  likely  to  be  a  hexomer 
(11.12).  These  hydrodynamic  methods  are  subject  to  systematic  errors  and  therefore  the 
nature  of  the  oligomer  was  later  re-evaluated  by  chemical  crosslinking,  which  produces  a 
ladder  of  crosslinked  forms,  the  steps  of  which  are  easily  counted.  By  this  method  the  aHL 
oligomer  in  DOC  was  found  to  be  u  hexamer  (6).  Although  aHL  in  DOC  is  identical  to  wild- type 
oligomers  extracted  from  RBCs  (12).  it  is  not  certain  whether  the  pore  (4)  or  its  precursor  (3) 
was  examined  (see  below).  Further,  in  retrospect,  the  evidence  from  crosslinking  does  not 
unequivocally  demonstrate  that  the  aHL  oligomer  is  not  a  heptamer,  which  would  have 
migrated  with  only  a  slightly  reduced  mobility  compared  to  o  hexomer  This  rumination  has 
emerged  because  of  a  surprising  new  finding;  the  oligomeric  form  of  the  functionally-related 
aerolysin.  which  has  an  unrelated  primary  sequence,  is  indeed  a  heptamer  (35). 

Another  striking  feature  of  the  oligomeric  form  of  aHL  is  that  its  circular  dichroism  (in 
detergent)  is  very  similar  to  that  of  the  monomer  in  solution  (6,31).  although  subtle  differences 
in  the  spectra  are  seen,  indicative  of  a  conformational  change  that  involves  little 
reorganization  of  the  polypeptide  backbone.  Of  course,  CD  cannot  reveal  where  these 
changes  are  located.  The  calculated  secondary  structure  contents  of  the  monomer  and 
oligomer  hardly  differ.  Both  are  largely  p  sheet  and  the  a-helical  content  is  unlikely  to  exceed 
-10%  (6.31).  Therefore,  it  is  quite  likely  that  the  channel  is  formed  by  jJ  structure  as  is  the  case 
for  the  porins  (36)  and  perhaps  for  both  voltage-gated  (37)  and  ligand-gated  (38)  eukaryotic 
ion  channels  Nevertheless,  the  existence  of  a  single  a  helix  capable  of  spanning  the  lipid 
bilayer  is  not  inconsistent  with  the  CD  measurements,  although  a  helical  hairpin  as  suggested 
for  colicins  El  and  A  (39)  is  less  likely.  These  considerations  are  important  because  six  a 
helices  (one  per  aHL  chain)  are  capable  of  forming  the  walls  of  a  channel  -1  nm  (10,40)  but 
not  2  nm  (6,1 1)  in  diameter.  The  polypeptide  sequence  is  rather  hydrophilic  (3)  and  there  are 
no  extended  hydrophobic  sequences  that  might  penetrate  Ihe  lipid  bilayer.  Nevertheless,  a 
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condidate  amphipathic  a  helix  has  been  identified  by  computer  analysis  (4GJ  Interestingly,  it 
contains  a  central  proline,  a  common  feature  of  helices  in  ion  channels,  and  it  is 
immediately  C-terminal  of  the  central  glycine-rich  loop  However,  there  is  no  experimental 
evidence  that  this  region  of  aHL  is  either  helical  or  (hot  it  spans  the  lipid  bilayer 

By  contrast  with  I ,  the  glycine-rich  central  loop  is  not  available  to  proteoses  in  4  (28) 
As  yet,  it  cannot  be  ascertained  whether  this  means  that  the  aHL  polypeptide  has 
undergone  a  conformational  change  or  whether  the  loop  is  involved  in  subunit-subunit 
interactions,  buried  in  the  lipid  bilayer  or  perhaps  bound  to  a  receptor  The  involvement  of 
the  loop  in  subunit-subunit  or  aHL-receptor  interactions  that  are  necessary  for 
oligomerization  appears  to  be  ruied  out  by  the  finding  that  complementation  mutants  of  aHL 
missing  large  parts  of  the  loop  are  able  to  assemble  into  hexamers  (29)  Many  of  these 
mutants  ore  unable  to  form  functional  pores  suggesting  that  ihe  3  ->  4  transition  is  blocked,  or 
that  4  is  formed  but  alteration  of  the  loop  results  in  a  defectrve  channel  (29) 

Remarkably,  below  65°C.  aHL  oligomers  are  resistant  to  the  detergent  SDS.  which  is 
generally  denaturing  at  room  temperature  Furthermore,  oligomers  of  aHL  mode  from 
complementation  mutants  that  have  breaks  in  the  central  loop  (Fig  3)  are  also  stable  to  SDS. 
whether  or  not  the  mut/.nts  are  lytic  Because  the  two  chains  that  constitute  these  mutants  do 
dissociate  when  the  non-oligomerized  polypeptides  are  treated  with  SDS.  the  interaction 
between  the  N-  and  C-terminal  domains  of  the  protein  must  be  strengthened  by 
oligomerization  as  early  as  the  formation  of  3.  Unless  the  interaction  between  the  two  halves 
is  strengthened  by  a  change  of  environment  (e  g  immersion  in  the  bilayer  as  suggested  in 
Fig.  3).  this  rules  out  models  in  which  only  one  half  of  the  polypeptide  chain  is  involved  in 
oligomerization,  because,  in  this  case,  the  other  half  would  be  free  to  dissociate  upon  the 
addition  of  SDS. 

While  aHL  mutc.ots  with  drastically  altered  loop  regions  will  oligomerize,  only  those 
nicked  at  the  center  but  not  the  edges  of  the  loop  lyse  RBCs  efficiently  (Fig  4).  it  will  be 
interesting  to  look  at  the  properties  of  single  channels  formed  by  the  active  nicked 
molecules  in  planar  bilayers  to  see  if  the  lesions  lie  close  to  the  conductive  pathway 

in  . "" .  iso 

EYMSTLTY  SFN'QNVTQDD  TGK  T  L I  GAN  VS  I  GHTLKYVQ 
o  *  *  o 

11B/119  128/121  14  2/143 

131/132 

Fig.  4  Schematic  cf  the  glycine-rich  loop  region  of  aHL  Glycine  residues  are  underlined 
Gaps  in  the  sequence  mark  nicks  in  the  polypeptide  chain  generated  by  complementation 
mutagenesis  The  following  phenotypes  were  observed  o.  oligomerization  Dot  no  lysis.  '. 
oligomerization  and  lysis.  From  ref.  (29). 

Membrane-bound  monomer  (structure  2)  Of  the  proposed  structures  in  Fig  3.  the  evidence 
for  a  membrane-bound  monomeric  intermediate  in  assembly  is  the  weakest.  However, 
unless  oligomerization  occurs  in  solution,  and  there  is  no  evidence  that  this  happens  at  a 
relevant  rate,  monomer  adsorbed  at  the  membrane  surface  must  be  at  least  a  transient 
intermediate  In  favor  of  this.  C-terminal  truncation  (AC)  mutants  missing  3  or  5  amino  acids 
have  greatly  reduced  hemolytic  activity  and  appear  to  be  retarded  as  monomers  at  the 
cell  surface  (28)  The  AC  mutants  do  lyse  RBCs  at  o  rate  100  times  slower  than  wild-type  aHL 
when  applied  at  a  100  times  higher  concentration,  which  we  interprer  as  the  very  slow 
formation  of  a  hexameric  pore.  Further,  the  central  loop  in  the  membrane-bound  mutant 
monomers  is  protected  from  proteolytic  cleavage,  just  as  it  is  in  the  assembled  wild-type 
pore,  while  the  loop  in  the  monomer  in  solution  is  exposed.  One  interpretation  of  this  is  a 
conformational  change  as  depicted  in  Fig  3,  although  other  possibilities  cannot  be 
eliminated  as  summarized  in  the  discussion  of  4  in  the  case  cf  the  AC  mutants,  an  additional 
possibility  is  that  tho  polypeptides  do  oligomerize  on  the  membrane  but  that  the  oligomers 
are  labile  m  SDS  because  of  a  weakened  subunit-subunit  interaction.  This  seems  unlikely 
because  a  small  fraction  of  SDS-stabie  oligomers  can  be  observed  that  are  thought  to 
account  for  the  slow  lysis  Because  the  AC  mutants  are  largely  monomeric  when 
membrane-bound,  it  is  likely  that  the  C  terminus  is  involved  in  the  contacts  made  during 
assembly  It  is  not  claimed  that  the  deleted  residues  themselves  ore  at  the  contact  site 
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because  a  small  truncation  might  cause  maifoldmg  of  on  extended  domain  of  the 
polypeptide 

Nonlytic.  oligomeric  pore  precursor  {structure  3)  Nonlytic  oligomeric  structures,  stable  in 
SDS.  are  a  common  phenotype  among  uHL  mutants  They  are  seen  when  N-terminal 
truncations  are  made  (28).  when  overlaps,  nicks  and  gaps  are  made  in  the  central  loop  (29) 
with  various  point  mutants  (eg  H35N.  unpublished)  and  with  certain  chemically  modified 
single-cysteine  mutants  (unpublished).  As  judged  by  proteolysis,  the  central  loop  of  N- 
termmal  truncation  (aN)  mutants  missing  2  to  22  amino  ocids  is  occluded  after  they  have 
formed  oligomers  on  RBCs  Unlike  the  aC  mutants,  the  AN  mutants  are  nonlytic  at  the  highest 
concentrations  tested  (4000  times  greater  than  wild-type) 

This  phenotype  suggests  that,  while  the  C  terminus  is  involved  m  the  initial 
aggregation  of  aHL  on  the  membrane  surface  (2  ->  3).  the  N  terminus  plays  a  role  m  the  final 
step  in  pore  assembly  (3  ->  4).  One  possibility,  depicted  in  Pig  3.  is  that  the  N  terminus  itself 
inserts  into  the  lipid  bilayer  in  support  of  this,  a  proteolytic  site  at  the  N  terminus  is  exposed  on 
the  RBC  surface  in  monomeric  AC  fi^,,  .cation  muianfs  and  the  oligomerized  AN  deletion 
mutant  aHL(A3-293),  but  occluded  in  the  wild-type  hexameric  pore  (28!,  Of  course  this  is 
hardly  conclusive  evidence,  for  example,  the  rate  of  proteolysis  at  the  N  terminus  is  likely  to 
be  affected  by  mutations  in  this  region  Further,  the  result  cannot  show  that  a  large  volume  of 
the  N-terminal  domain  becomes  buried  as  depicted  in  the  working  model  (Pig  3) 

Of  course,  there  must  be  other  intermediates  in  assembly  Six  way  collisions  are 
undoubtedly  rare  events,  even  when  a  polypeptide  is  constrained  to  move  on  a  surface 
However,  there  is  little  concrete  evidence  for  intermediates  containing  between  2  and  5 
subunits  Tetramers  have  been  tentatively  detected  on  SDS  gels  (6).  by  single  channel 
recording  (10)  and  in  2D  crystals  (14.34)  AN  mutants  miss  ng  2  or  !  1  residues  form  pentamers 
more  readily  than  hexamers,  Indicating  that  the  pore  stoichiometry  may  be  rather  finely 
balanced  (28).  This  is  reminiscent  of  the  structure  of  the  pore  formed  by  the  C9  polypeptide  of 
complement,  which  has  a  broad  size  distribution  and  contains  up  to  20  subunits  (41)  An 
important  question  is  whether  the  assembly  of  aHL  is  ordered  or  random,  e  g  can  the  final 
step  be  either  as  +  ai .  04  +  02  or  a3  ♦  «3  or  only  one  of  the  possibilities  While,  no  data  is 
available  pertaining  to  this,  the  sequence  of  the  potential  intermediates  2  and  3  in  the 
assembly  pathway  has  at  least  been  confirmed  by  using  dominant  negative  mutations,  in 
vitro  The  weak  hemolytic  activity  of  aC  deletion  mutants  is  inhibited  by  subequimoior 
nmoun*s  of  ncoiytic  AN  truncation  mutants,  suggesting  that  the  AC  mutants  become  trapped 
with  the  AN  mutants  as  nonlytic  hetero-oligomers  (28). 

One  further  unresolved  issue  is  whether  3  and  4  are  interconvertible  if  they  ore  the 
inferconversion  might  reflect  the  gating  of  the  pore  that  is  seen  under  certain  conditions  in 
planar  bilayers.  This  is  an  important  question  because  it  places  in  doubt  the  identity  of  the 
structure  seen  in  detergent,  and  assumed  to  be  4.  upon  which  the  CD  measurements  on  the 
'pore'  were  performed  it  seems  likely  that  the  wild-type  pore  on  RBC  membranes,  os 
examined  for  example  by  limited  proteolysis,  is  largely  the  open  form  as  the  resting  potential 
of  these  cells  is  virtually  zero  and  divalent  metdi  ions  are  absent,  conditions  which  mitigate 
charnel  closure  (10).  Although  gating  might  well  involve  a  step  distinct  from  3  <->  4.  it  is 
unlikely  to  involve  the  dissociation  ot  hexamers  as  they  are  rother  stable 

SELF-ASSEMBLY  OF  aHL-  WHAT  WE  NEED  TO  KNOW 

Structural  analysis  Low  resolution  techniques  might  yet  yield  additional  information  about 
the  structure  of  aHL  and  rts  assembly  intermediates  For  example.  Fourier-transform  infrared 
spectroscopy  could  reveal  the  orientation  of  P  sheets  with  respect  to  the  lipid  biiayer 
Naturally,  a  three  dimensional  structure  of  aHL  in  monomeric  or  hexameric  form  would  be 
more  informative  Of  course,  if  might  not  tell  the  whole  story.  For  example,  if  hexamers  are 
seen  it  might  not  be  clear  whether  they  represent  the  proposed  structure  3  or  4  Such 
problems  emphasize  the  need  for  complementary  biochemical  data  in  interpreting 
structures  Dr.  Eric  Gouaux  (U  Chicago)  has  obtained  crystals  beginning  with  aHL  monomer 
and  our  groups  ore  collaborating  on  structure  determination  and  interpretation  aHL  is  too 
large  for  high  resolution  nuclear  magnetic  resonance  (NMR)  in  solution,  and  there  is  no 
evidence  that  the  individually  expressed  N-  or  C-terminal  domains,  which  fall  into  the  moss 
range  appropriate  for  NMR  analysis,  are  correctly  folded 


How  might  the  formation  o'  _2B,ifi££ii_.De_i£i!DiQ.¥ea  Besides  then  utility  for  structure 
determination  f  14,34.42).  2D  sheets  of  the  aHL  pore  might  be  useful  for  applications  m 
materials  science  ( 1 .2)  The  most  readily  formed  lattices  of  uHL  are  tet'agonai  and  appear  to 
contain  aHL  tetramers  lying  on  the  surface  of  a  lipid  biioyer  The  tetramers  are  probably 
inactive  pore  precursors  (see  above)  Hexagonal  arrays  are  harder  to  obtain  and  although 
they  are  suspected  to  contain  hexamers,  this  has  not  been  conclusively  demonstrated  by 
image  analysis  (42)  Therefore,  Langmuir-Blodgett  techniques  may  be  required  to  make  films 
from  hexameric  pores  preformed  by  DOC  treatment  or  isolated  from  RBC  membranes  In  a 
further  improvement  the  sheets  might  be  covalently  crosslmked  using  chemical  leagents 
that  reuui  Other  with  the  wild-type  polypeptide  or  with  suithydryt  groups  placed  at  selected 
sites  in  the  polypeptide  by  cysteine  mutagenesis 

The  RBC  receptor-  what  does  it  dot  wmie  the  oligomerization  of  aHL  is  facilitated  by 
receptors  on  susceptible  ceils,  such  as  rabbit  RBCs  (43.44),  apparently  identical  oligomers 
are  generated  by  treatment  of  monomeric  aHL  with  heat  (32),  deoxychotate  (12)  or  lipids  (31), 
or  by  treatment  of  resistant  cells  with  high  concentrations  of  aHL  (44)  This  raises  the  question 
of  whether  receptors  on  susceptible  ceils  play  an  active  role  in  triggering  assembly  or 
whemnr  they  merely  serve  to  concentrate  aHL  at  the  ceil  surface 

Let  us  first  consider  the  concentration  effect  aHL  lyses  rabbit  RBCs  when  presented 
at  -!  nM  or  -30  ng/mL  At  I  nM  the  mean  intermoiecular  separation  in  solution  is  -1  2  am 
Because  there  are  at  least  1500  receptors  for  aHL  per  RBC  (43.44).  at  saturation  the  mean 
intermoiecular  separation  on  the  surface  of  the  cell  will  be  -0  4  urn.  assuming  a  surface  area 
of  200  nm?  per  RBC  Using  the  expressions  of  Hardt  (45)  for  estimating  the  rates  of  affusion 
controlled  reactions  m  two  and  three  dimensions,  it  con  be  shown  that  attachment  to 
receptors  expressed  at  such  low  density  cannot  offer  a  significant  kinetic  odvontoge  even  if 
the  diffusion  coefficient  of  the  membrane  bound  aHL  monomer  is  very  high  (eg  0  0!  times 
that  in  solution)  Therefore,  it  is  likely  that  additional  effects  come  into  play  such  os  orientation 
at  the  cell  surface,  a  conformational  change  induced  by  the  lipid  bilayer  or  the  stabilization 
of  assembly  intermediates  The  bilayer  itself  plays  a  rate-determining  role  when  oHL 
assembles  on  liposomes  In  this  case,  the  presence  of  high  mole  fractions  of  cholesterol 
greatly  enhance  both  the  fate  and  extent  of  marker  release  (46)  At  present,  there  is  no 
evidence  tc  suggest  that  receptors  for  «HL  play  an  octive  rote  for  example,  by  inducing  a 
conformational  Change 

How  the  detergent  DOC  stimulates  the  formation  of  hexamer  in  solution  as 
demonstrated  by  Bhgkdi  et  at  1'2)  remains  o  mystery  No  other  detergents  tested  are 
capable  ot  causing  efficient  oligomerization  ((12),  unpublished),  indeed,  the  effect  moy  be 
specific  for  DOC,  Perhaps  an  impurity  in  the  commercial  detergent  is  responsible,  but  this  is 
improbable  as  recrystaiiized  DOC  works  just  as  wen  Further,  oligomerization  is  optimal  ot 
around  the  critical  micelle  concentration,  which  also  indicates  that  DOC  is  the  causal  agent 
Incidentally,  whether  bile  salt  detergents  form  true  micelles  is  debatable  DOC  forms  small 
clusters  of  10  to  20  molecules  tar  too  small  a  structure  to  envelop  an  aHL  hexamer  Because 
the  bile  salts  are  related  in  structure  to  cholesterol  and  because  cholesterol-containing 
biiayers  are  more  susceptible  than  others  to  damage  by  aHL  (46).  we  have  examined  the 
effects  o?  cholesterol  on  aHL  assembly  in  solution  Cholesterol  was  solubilized  in  octyl 
glycoside,  a  detergent  that  does  not  cause  oligomerization,  or  solubilized  by  covalent 
modification  (polyoxyethanyi-choiesteryl  sebacate).  in  preliminary  experiments,  a  wide 
range  of  concentrations  of  these  materials  did  not  mediate  oligomerization 

Thermodynamics  and  kinetics  There  is  no  reason  why  an  ossembiy  process  such  as  that 
presented  by  aHL  cannot  be  studied  using  the  thermodynamic  ana  kinetic  analyses  that  are 
applied  to  chemical  reactions  in  solution  or  on  surfaces  Nevertheless,  relatively  little  work 
has  been  done  in  this  area,  perhaps  because  the  assembly  process  is  more  complex  than  it 
appears  at  first  glance.  With  regard  to  thermodynamic  parameters,  transition  enthalpies 
might  be  obtained  by  comparing  heating  curves  for  monomeric  and  hexameric  samples  of 
aHL  by  using  differential  scanning  colorimetry  Even  irreversible  processes  can  yield  useful 
information  (47),  Ultimately,  rt  might  be  possible  to  place  restraints  on  models  for  aHL  folding 
and  oligomerization  based  on  such  data  (48) 

Even  though  there  is  only  one  reactant,  the  kinetic  analysis  of  aHL  assembly  is 
complicated  Decause  the  reaction  is  imtiatea  by  binding  to  a  surface  and  by  the  potentially 
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high  overall  order  of  the  reaction  The  lysis  of  R8Cs  is  a  complex  process  involving  osmotic 
lysis  preceded  and  caused  by  the  leakage  of  ions  The  efficiency  of  binding  of  aHL  to  RBCs 
and  R8C  lysis  decrease  above  )0  to  20AC  (43.44.49)  For  this  reason,  the  kinetics  of  lysis  of 
liposomes  or  the  penetration  of  planar  lipid  biiayers  are  more  readily  interpreted,  but  even 
here  there  is  a  lengthy  lag  period  before  lysis  begins  and  lysis  itself  is  muitiphasic  A  useful 
start  has  been  made  by  Menestrina  and  his  collaborators,  who  have  determined  the 
dependence  of  the  lag  period,  pore  formation  and  pore  conductance  on  temperature  and 
aHL  concentration  by  using  electric  recordings  from  planar  bilayers  and  marker  release 
from  liposomes  (50)  From  concentration  dependences,  they  conclude  that  reversible 
formation  of  small  aggregates  a2  and  03  (the  lag  phase)  *3  followed  by  the  « reversible 
formation  of  higher  lytic  oligomers  04.  05  and  04,  From  Arrhenius  plots,  which  are  linear  up  to 
50'C.  they  further  deduce  that  the  activation  energy  for  the  lag  phase  is  comparable  to  that 
required  for  diffusion  in  the  plane  of  the  bilayer  Their  data  is  consistent  with  earlier,  less 
readily  analyzed,  findings  using  RBCs  One  hopr  is  that  future  kinetic  studies  will  be  facilitated 
by  using  mutant  that  are  arrested  at  various  stages  of  assembly. 

WHAT  ARE  WE  DOING  NOW'’ 

To  address  some  of  the  questions  posed  in  this  review,  this  laboratory  is  focusing  on 
the  application  of  mutagenesis  to  studies  of  oHL  assembly  For  example,  a  senes  of  single- 
cysteine  mutants  is  being  constructed  to  obtain  information  about  the  topography  of  the 
polypeptide  with  respect  to  the  lipid  bilayer  and  the  conformational  changes  it  undergoes 
during  assembly.  Topological  questions  can  be  addressed  by  using  chemical  modification 
reagents  to  ask  whether  cysteine  residues  introduced  at  selected  positions  in  the  cham  con 
be  modified,  after  assembly,  from  one  s.de  of  the  bilayer  or  the  other  Biotinylation  of 
selected  residues  followed  by  the  investigation  of  topography  with  EM,  utilizing  avidin 
conjugated  to  colloidal  gold,  is  a  useful  adjunct  to  chemical  modification  To  further 
characterize  the  conformational  changes  that  occur  during  assembly,  fluorescence 
techniques  are  being  employed  For  example,  using  separately  synthesized  N-  and  C- 
terminal  domains,  it  is  possible  to  label  each  half  of  the  molecule  with  different  fluorescent 
groups  and  then  reconstitute  active  aHL  The  distances  between  the  fluorescent  groups  can 
then  be  determined  by  energy  transfer  measurements. 

WHAT  USE  IS  IT  ALL7 

Even  though  there  is  much  more  to  learn,  the  process  of  accumulating  information 
about  the  assembly  of  aHL  has  made  us  familiar  with  many  aspects  of  what  can  and  cannot 
be  done  with  the  polypeptide  This  has  allowed  us  to  re-engineer  the  molecule  for  specific 
purposes  based  on  predictions  made  without  the  help  of  a  three-dimensional  structure  For 
example,  the  analysis  of  complementation  mutants  indica’ed  that  the  integrity  of  the  central 
loop  is  relatively  unimportant  for  oligomerization  but  crucial  for  pore  formation  (29)  Based  on 
this,  we  have  now  been  able  to  re-engmeer  the  protease-sensitive  wild-type  aHL  into  a 
protease-activated  form  that  contains  two  non-covaiently  attached  chains  (Fig  5)  (30). 


inactive 


active 


Fig  5  Activation  of  an  overlap  mutant  of  aHL  by  proteolysis  Wild-type  aHL  was  rendered 
insensitive  .0  the  protease  endo  C  by  removing  a  proteose  site  near  the  N  terminus  by  site- 
directed  mutagenesis  An  inactive  overlap  mutant  was  then  generated  in  vitro  by 
complementation  mutagenesis  Tne  pore-forming  activity  of  this  mutant  can  be  activated 
by  endo  C.  which  removes  the  redundant  peptide  in  the  central  loop  (30). 


Bowc!  orv  those  findings  wo  oio  nov»  designing  piomimui'-o  vs  ns  .  n-oat'CCS  u 
mo'ecwes  that  bind  to  moi-gnant  celts  There  they  wilt  be  activated  by  cot;  s-jrfo 
preteases  ana  damage  the  masma  membrane  Given  this  success  in  moa'fyng  t 
p'cpe-ties  of  the  wla-type  polypeptide  aMi  molecules  activated  by  other  means  such 
light  (Fig  1)  or  meta!  ions  should  soon  be  available  for  which  we  have  projected  seve 
applications  in  biO*ecnnotogy.  including  ma*oriais  science 
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ABSTRACT 

The  origins,  syntheses,  variable  composition  and  physical  properties  of  bioelastic 
materials  are  discussed.  The  latter  includes  their  capacity  to  undergo  inverse  temperature 
transitions  to  increased  order  on  raising  the  temperature  and  to  be  designable  to 
interconvert  free  energies  involving  the  intensive  variables  of  mechanical  force, 
temperature,  pressure,  chemical  potential,  electrochemical  potential  and  i  ght. 

Bioelastic  materials  include  analogues  and  other  chemical  variations  of  the 
viscoelastic  polypeptide,  poly(Val-Pro-Gly-Val-Gly),  and  cross-linked  elastomeric 
matrices  thereof.  This  parent  material  has  been  shown  to  be  remarkably  biocompatible;  it 
can  be  minimally  modified  to  vary  the  rate  of  hydrolytic  breakdown;  it  can  contain 
enzymatically  reactive  sites;  and  it  can  have  cell  attachment  sites  included  which  promote 
excellent  cell  adhesion,  spreading  and  growth  to  confluence. 

One  specific  application  is  in  the  prevention  of  postoperative  adhesion.  There  are 
some  30,000.000  per  year  surgical  procedures  in  this  country  and  a  large  portion  of  these 
would  benefit  if  a  suitable  material  were  available  for  preventing  adhesions.  Bioelastic 
materials  have  been  tested  in  a  contaminated  peritoneal  model,  and  promising  preliminary 
studies  have  been  carried  out  in  the  rabbit  eye  model  for  strabismus  surgery.  In  the 
peritoneal  model,  90%  of  the  29  control  animals  exhibited  significant  adhesions;  whereas, 
only  20%  of  the  29  animals  using  gas  sterilized  matrices  had  significant  adhesions.  On  the 
basis  of  this  data,  it  appears  that  cross-linked  poly(VPGVG)  is  an  effective  physical  barrier 
to  adhesion  formation  in  a  trauma  model  with  resulting  hemorrhage  and  contamination. 

The  potential  use  of  bioelastic  materials  as  a  pericardial  substitute  following  the 
more  than  400,000  open  heart  surgeries  per  year  in  the  U.S.  is  under  development 
beginning  with  the  use  of  bioelastic  matrices  to  prevent  adhesions  to  the  total  artificial 
heart  being  used  as  a  bridge  to  heart  transplantation  such  that  the  site  will  be  less 
compromised  when  receiving  the  donor  heart. 


BIOELASTIC  MATERIALS 


Origins  of  Bioelastic  Materials 

Bioelastic  materials  have  their  origins  in  repeating  sequences  of  the  mammalian 
elastic  protein,  elastin1-2.  The  most  prominent  repeating  sequence  occurs  in  bovine 
elastin;  it  can  be  written  (Val1-Pro2-Gly3-Val4-Gly5)n  where  n  is  eleven  without  a  single 
substitution.  Another  repeat  first  found  in  porcine  elastin  is  (Val1-Pro2-Gly3-Gly4)n  but 
this  repeat  has  not  been  found  to  occur  with  n  greater  than  2  withoul  substitution3.  High 
polymers  of  both  of  these  repeats,  written  as  poly(VPGVG)  and  poly(VPGG)  or  equivalently 
as  poly(GVGVP)  and  poly(GGVP),  form  viscoelastic  phases  in  water  and  when  y-irradiation 
cross-linked  form  elastic  matrices4  5. 
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Compositions  of  Bioelastic  Materials 

A  wide  range  ol  compositions  of  bioelastic  materials  becomes  possible  when 
substitutions  are  carried  out  in  a  way  that  does  not  disrupt  higher  order  structure 
formation  and  elastic  function6'7.  For  the  series  of  primary  structures  that  have  been 
considered  in  the  prevention  of  adhesions  applications  the  following  general  structural 
formula  may  be  written  for  the  polypentapeptides  as 

Poly[/v(VPGVG)  ,/*(VPGXG),/i(IPGVG)]  |  1  ] 

and  for  the  polytetrapeptides  as 

poly(/v(VPGG)./x(XPGG)l  [2] 

where  the  /,  are  mole  fractions  such  that  in  each  formula  the  sum  of  ft  is  equal  to  one  and 
where  V  =  Val.  P  =  Pro,  G  =  Gly,  I  =  lie  and  X  can  be  any  naturally  occurring  ammo  acid  or  a 
chemical  modification  thereof. 

The  compositions  may  be  further  modified  to  contain  enzymatically  reactive  sites  or 
cell  attachment  sites.  An  example  of  the  former  is  poly[30(IPGVG)(RGYSLG))  where 
(RGYSIG).  i.e.,  Arg-Gly-Tyr-Ser-Leu-Gly,  is  a  specific  kinase  site  wherein  a  cardiac 
cyclic  AMP  dependent  kinase  can  phosphorylate  the  Ser  residue  and  the  phosphate  can  be 
removed  by  intestinal  alkaline  phosphatase®.  An  example  of  inclusion  of  a  cell  attachment 
site  is  poly(40(GVGVP). (GRGDSP)]  where  (GRGDSP),  i.e.,  Gly-Arg-Gly-Asp-Ser-Pro,  is 
a  cell  attachment  sequence  from  fibronectin.  Whereas  in  a  standard  culture  medium  cells  do 
not  adhere  to  the  matrix  comprised  of  poly(GVGVP).  they  do  adhere,  spread  and  grow  to 
confluence  when  GRGDSP  is  within  the  elastic  matrix9. 

A  further  modification  could  be  the  introduction  of  a  site  for  proteolytic  cleavage  by 
enzymes  in  the  milieu  of  interest  or  by  enzymes  doped  in  the  matrix  for  the  purpose  of 
controlling  rate  of  degradation.  The  matrices  can  be  used  for  releasing  therapeutic  agents 
whether  being  employed  in  the  prevention  of  adhesions  or  in  other  drug  delivery  contexts. 
Also,  the  chemical  synthesis  wherein  glycolic  acid  residues,  Glc.  replaced  either  of  the  Gly 
residues  can  provide  a  means  of  controlling  rate  of  degradation  for  removal  and/or  for 
release  of  drugs10. 


Preparation  of  Bioelastic  Matrices 

Polymers  based  on  the  repeating  elastin  sequences  and  their  ammo  acid  analogues  can 
be  synthesized  microbially  by  using  genetic  engineering’1  and  they  can  be  synthesized 
chemically  by  using  classical  solution  and/or  solid  phase  peptide  synthesis  methods  or  by 
using  a  combination  of  microbial  and  chemical  means1112.  For  poly(GVGVP)  an  estimate  of 
the  cost  for  large  scale  chemical  synthesis  is  of  the  order  of  $20.00/gram  and  for  large 
scale  microbial  synthesis  of  less  than  $  1.00/gram. 

For  many  applications  elastomeric  sheets  or  matrices  are  desired.  White  there  are 
many  chemical  and  enzymatic  means  of  achieving  cross-linking  to  form  elastic  matrices,  a 
particularly  convenient  method  is  by  -/-irradiation.  An  effective  dose  is  20  Mrads  with  the 
resulting  elastic  matrix  being  designated  for  example  as  X20-poly(GVGVP).  One  gram  of 
poly(GVGVP)  can  result  in  a  matrix  7  cm  x  7  cm  x  0.4  mm  when  contracted  and  15  cm  x  15 
cm  x  1  cm  when  swollen  in  water.  Interestingly,  for  protein-based  polymers  of  Formula 
(1)  above,  nuclear  magnetic  resonance  (even  using  nitrogen-15  and  carbon-13 
enrichment)13'14  and  amino  acid  analyses  (in  preparation)  before  and  after  20  Mrad 
-/-irradiation  cross-linking  indicate  amino  acid  destruction  to  be  below  detectable  levels. 


Physical  Properties  of  Bioelastic  Materials 


Inverse  Temperature  Transitions:  Protein-based  polymers  of  Formulae  [1]  and  [2] 
as  well  as  a  number  of  other  compositions  such  as  poly(APGVGV)  and  poly(VPGFGVGAG)  are 
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soluble  in  water  at  low  enough  temperatures  but  on  raising  the  temperature  they  self¬ 
associate  with  clear  examples  of  unambiguous  increase  in  order.  This  increase  in  order  on 
increasing  the  temperature  is  called  an  inverse  temperature  transition15. 

Trbased  Hydrophobicity  Scale:  On  introduction  of  a  more  hydrophobic  residue,  e.g., 
Val  -»  He.  the  temperature  of  the  transition,  T|,  is  lowered  and  on  introduction  of  a  less 
hydrophobic  residue,  e.g,,  Val  -♦  Ala,  the  temperature  of  the  transition,  T|,  is  raised.  In 
fact,  a  hydrophobicity  scale  has  been  developed  for  all  of  the  naturally  occurring  amino  acid 
residues,  their  different  states  of  ionization  when  relevant,  chemical  modifications,  and 
biologically  relevant  prosthetic  groups7.  This  is  referred  to  as  the  Ti-based  hydrophobicity 
scale;  it  provides  the  molecular  engineer  with  the  capacity  to  design  materials  of  desired 
properties. 

Elasticity:  The  elastic  (Young's)  modulus  for  X20-poly(GVGVP)  is  about  1  x  106 
dynes/cm2  (105  N'  /tons/m2)  with  little  or  no  hysteresis  and  with  extensions  of  up  to 
200%  having  been  observed.  The  elastic  modulus  is  proportional  to  the  square  of  the 
y-irradiation  dose;  for  example,  a  doubling  of  the  dose  quadruples  the  elastic  modulus. 
Depending  on  the  composition  the  elastic  modulus  tor  a  20  Mrad  dose  can  vary  from  105 
dynes/cm2  to  109  dynes/cm2.  When  determining  the  temperature,  T,  dependence  of  force, 
/,  at  fixed  length,  a  plot  of  In  (ft T)  versus  T  approximates  a  zero  slope  when  above  the 
transition  temperature  range  such  that  by  classical  arguments  X20-poly(GVGVP)  is  a 
dominantly  entropic  (ideal)  elastomer6  as  is  natural  elastin  with  the  potential  for  the 
remarkable  durability  exhibited  by  natural  elastin  which  appears  to  be  capable  of 
sustaining  billions  of  demanding  stretch/relaxation  cycles  in  the  aortic  arch. 

Thermomechanical  Transduction:  For  those  compositions  such  as  Formulae  (1)  and 
[2]  that  form  viscoelastic  phases  above  the  temperature,  Tt,  of  the  inverse  temperature 
transition,  they  may  be  shaped  as  desired,  e  g.,  as  sheets,  and  y-irradiation  cross-linked  to 
form  the  elastic  matrices  described  above.  These  matrices  exhibit  reversible  contraction 
and  relaxation,  i.e.,  de-swelling  and  swelling,  on  passing  through  the  inverse  temperature 
transition.  On  raising  the  temperature  from  below  to  above  Tf  the  elastic  matrices  can 
contract  and  perform  the  mechanical  work  of  lifting  a  weight.  They  can  perform 
thermomechanical  trar sduction 1 5- 1 6. 

The  A  T /-Mechanism  of 
Free  Energy  Transduction: 

Now  instead  of  raising  the 
temperature  from  below  to 
above  Tt  to  drive  contraction, 
it  has  been  shown  that  there 
are  many  ways  to  lower  the 
value  of  Tt  from  above  to  below 
a  working  temperature  to 
achieve  contraction  ana  the 
performance  of  mechanical 
work.  This  is  called  the  ATt- 
mechanism  of  free  energy 
transduction1516.  Decreasing 
the  degree  of  ionization  of  a 
Glu(E)  residue,  for  example, 
is  a  dramatic  means  of 
lowering  the  value  of  Tt  and 
addition  of  protons  to  a  Glu- 
containing  matrix  has  been 
shown  isothermally  to  drive 
contraction.  This  is  referred 
to  as  intrinsic  chemo- 
mechanical  transduction.  As 
increasing  salt  (NaCI) 
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concentration  lowers  Tt,  this  too  becomes  a  means  of  driving  contraction  referred  to  as 
extrinsic  chemomechanicaf  transduction. 

Energy  Conversions  Possible  by  the  iSTr mechanism:  In  fact,  the  bioelastic  matrices 
can  be  designed  for  many  forms  of  free  energy  conversion  involving  the  intensive  variables 
of  temperature,  pressure,  chemical  potential,  electrochemical  potential,  light  and 
mechanical  force  as  depicted  in  Figure  1.  A  summary  of  the  ATt-mechanism  Is  given  in 
Figure  216. 


Biocompatibilitv  of  Bioelastic  Materials 

With  the  mammalian  origin  and  nature  (dynamic  with  a  dominantly  hydrophobic 
structure)  of  the  bioelastic  materials,  it  had  been  anticipated  that  these  materials  would  be 
biocompatible.  Following  the  recommendations  for  the  set  of  generic  biological  tests 
required  to  establish  biocompatibility  for  materials  in  contact  with  tissues,  tissue  fluids 
and  blood,  eleven  tests  were  performed  on  poly(GVGVP)  and  the  elastic  matrix,  X20- 
poly(GVGVP).  With  the  results  following  in  parenthesis,  these  were:  "(1)  the  Ames 
mutagenicity  test  (non-mutagenic).  (2)  cytotoxicity-agarose  overlay  (non-toxic),  (3) 
acute  systemic  toxicity  (non-toxic),  (4)  intracutaneous  toxicity  (non-toxic),  (5)  muscle 
implantation  (favorable),  (6)  acute  intraperitoneal  toxicity  (non-toxic),  (7)  systemic 
antigenicity  (non-antigemc),  (8)  dermal  sensitization — the  Magnusson  and  Kligman 
mjximization  method  (non-sensitizing),  (9)  pyrogenicity  (non-pyrogenic),  (10)  Lee- 
White  clotting  study  (normal  clotting  time),  and  (11)  in  vitro  hemolysis  test  (non¬ 
hemolytic)"17.  The  result  is  a  remarkable  biocompatibility. 
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In  addition,  biocompatibility  tests  a  re  underway  on  a  member  of  the  polytetrapeptide 
series,  namely  poly(GGAP)  and  X20-poly(GGAP).  To  date  the  series  of  tests— the  Ames 
mutagenicity  test,  cytotoxicity-agarose  overlay,  systemic  toxicity,  Kligman  sensitization 
and  hemolysis — also  underscore  good  biocompatibility.  Further  information  is  available 
from  peritoneal  implants  in  the  rat  where  numerous  additional  compositions  of  the 
Formulae  [1]  and  [2]  class  of  bioelastic  materials  all  appeared  to  be  biocompatible  with  X  = 
Phe(F),  Ala(A),  Glu(E),  and  lle(l). 


Cell  Attachment  to  Bioelastic  Matrices 

The  bioelastic  matrices— X20-poly(GVGVP),  X20-poly(GGIP),  X20-poly(GGVP)  and 
X20-poly(GGAP)— do  not  result  in  cell  adhesion  by  fibroblasts  and  vascular  endothelial 
cells  in  appropriate  cell  culture  media.  When  10%  fetal  bovine  serum  is  used  in  place  of 
0.1%  bovine  serum  albumin,  cell  adhesion  is  observed  with  bovine  ligamentum  nuchae 
fibroblasts  adhering  better  than  human  umbilical  vein  endothelial  cells  and  with  the  order 
of  decreasing  cell  adhesion  being  X20-poly(GGIP)  >  X20-poiy(GGVP)  >  X20-poly(GVGVP) 
but  with  no  cell  adhesion  even  in  the  presence  of  serum  for  X20-poly(GGAP)18. 

On  introduction  of  the  GRGOSP  cell  attachment  sequence19,  as  in  X20- 
poly[40(GVGVP),(GRGOSP)],  the  bioelastic  matrix  presents  a  surface  on  which  cells  will 
attach  and  spread  and  grow  to  confluence9.  The  cells  include  bovine  ligamentum  nuchae 
fibroblasts,  bovine  aortic  endothelial  cells,  human  umbilical  vein  endothelial  cells,  and  a 
human  A375  malignant  melanoma  cell  line9-18’20. 

Interestingly,  the  GRGDSP  sequence  as  presented  at  the  surface  of  this  bioelastic 
matrix  has  been  shown  to  be  an  attachment  site  for  the  vitronectin  cell  membrane 
receptor20  rather  than  the  fibronectin  cell  membrane  receptor  as  might  have  been 
expected,  as  GRGDSP  is  the  sequence  in  fibronectin  that  binds  to  the  fibronectin  cell 
membrane  receptor19.  Since  blood  platelets  contain  the  fibronectin  cell  membrane 
receptor,  this  surface  has  the  advantage  of  being  very  favorable  for  vascular  endothelial  cell 
attachment  without  favoring  unwanted  blood  platelet  adhesion  and  activation. 

Another  advantage  of  the  bioelastic  matrix  designed  for  cell  attachment  arises 
because  of  its  inherent  elasticity  and  the  capacity  to  vary  the  stiffness  (the  elastic  modulus) 
of  the  matrix  over  a  wide  range  of  values  from  105  dynes/cm2  to  109  dynes/cm2  ranging 
from  a  gelatin-like  substance  to  a  plastic-like  material.  Importantly,  cells  attached  to  a 
bioelastic  matrix,  as  to  the  natural  extracellular  matrix,  could  sense  deformations  to  which 
the  matrix  may  be  subjected  in  its  role  as  a  prosthesis,  i.e.,  as  a  tissue  substitute  or 
replacement.  Cells  capable  of  sensing  the  tensional  forces  to  which  a  tissue  or  a  prosthesis 
is  subjected  function  as  mechanochemical  transducers  with  the  release  of  intracellular 
chemical  signals  that  turn  on  genes  for  producing  protein  necessary  for  maintaining  or 
reconstructing  the  extracellular  matrix21"23.  In  this  way  a  biodegradable  bioelastic 
matrix  could  act  as  a  temporary  functional  scaffolding  which  would  have  the  potential  to  be 
remodeled  into  a  natural  tissue. 


PREVENTION  OF  ADHESIONS  APPLICATIONS 

More  than  30  million  surgical  procedures  are  performed  annually  in  the  U.  S.  with 
an  equivalent  number  in  Europe.  In  most  of  these  adhesions,  the  formation  of  unwanted 
fibrous  scar  tissue  binding  tissues  and  organs  together  that  should  otherwise  be  separated, 
are  a  significant,  and  too  often  a  severe,  complication.  An  interesting  example  of  a  growing 
subset  of  these  surgical  procedures  are  the  more  than  400,000  open  heart  surgeries 
performed  annually  in  the  U.  S.  which  require  cardiopulmonary  bypass  (CPB)  with  the 
attending  CPB-induced  swelling  of  the  heart  which  in  turn  commonly  necessitates  leaving 
open  the  pericardial  sac  which  normally  surrounds  the  heart.  The  result  can  be  adhesion  of 
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heart  to  the  sternum,  as  wall  as  other  adhesions,  with  great  danger  ot  laceiatmg  the  heart  on 
repeat  sternotomy.  A  substantial  number,  approaching  20%  at  some  centers,  ol  the  open 
heart  procedures  are  reoperations  with  far  greater  risk  due  to  the  adhesions.  In  the 
abdominal  cavity,  post-operative  and  trauma-induced  adhesions  cause  great  discomfort  and 
even  intestinal  blockage  requiring  reoperation  with  again  increased  risk  in  part  due  to 
adhesions  obscuring  the  usual  anatomical  landmarks  which  guide  the  surgeon. 


A  Contaminated  Peritoneal  Model  in  the  Rat25 

Bioelastic  materials  have  been  tested  in  an  abdominal  cavity  model  where,  as 
depicted  in  Figure  3A,  the  abdominal  wall  is  scraped  with  a  scalpel  until  bleeding;  a  loop  of 
intestine  is  repeatedly  punctured  with  a  hypodermic  needle  until  bleeding  and  bowel 
contents  can  be  extruded;  and  the  injured  contaminated  intestine  is  held  in  apposition  to  the 
injured  wall  by  a  loose  loop  of  suture  accessible  without  reopening  the  cavity.  At  seven  days 
the  suture  loop  is  removed  and  at  two  weeks  the  abdominal  cavity  is  reopened  and  examined. 
This  results  in  the  intestine  being  bound  to  the  wall  by  adhesions  in  100%  of  the  cases  (29 
animats)  with  adhesions  being  significant  in  90%  of  the  animals25.  Seen  in  Figures  4A  and 
B  for  these  control  animals  and  identified  by  the  arrows  are  adhesions  binding  loop  of  bowel 
to  abdominal  wall. 


When  the  gas  sterilized  bioelastic  sheet  is  mterposed  between  injured  wall  and 
injured  intestine  as  schematically  shown  in  Figure  3B  and  photographed  in  Figure  4C, 
significant  adhesions  were  prevented  in  80%  of  29  animals25.  What  is  not  apparent  in  the 
black  and  white  print  of  Figure  4C  is  the  presence  of  blood.  In  Figure  4D  is  the  re-opened 
abdominal  cavity  showing  the  scarred  region  of  the  abdominal  wall  and  the  absence  of  any 
adhesions.  Thus,  even  with  the  presence  of  blood  and  with  frank  contamination,  this 
bioelastic  matrix,  X20-poly(GVGVP),  provided  in  this  model  an  effective  barrier  to 
adhesion  formation. 

An  instructive  example  is  seen  in  Figure  4E  where  the  vertical  arrows  indicate  the 
bioelastic  matrix  and  the  horizontal  arrow  identifies  a  small  loop  of  adhesion  that  has  grown 
around  the  sheet  of  X20-poly(GVGVP).  The  matrix  is  seen  to  have  remained  transparent;  no 
fibrous  coating  had  encapsulated  the  matrix  in  the  two-week  period;  in  fact,  the  matrix 
remains  uncoated  and  transparent  for  months,  seemingly  ignored  by  the  host.  Through  the 
transparent  matrix  it  is  seen  that  there  is  no  sign  of  inflammation  of  the  abdominal  wall 
against  which  the  matrix  has  been  in  contact  for  two  weeks.  Seen  in  Figure  4F  are  two  bands 
of  adhesion  having  grown  through  a  break  in  the  matrix  indicated  by  the  arrow.  This 
occurred  approximately  10%  of  the  time,  such  that  if  this  were  overcome,  the  matrix  might 
be  expected  to  prevent  significant  adhesions  some  90%  of  the  time  in  this  model.  While 
other  barrier  materials  that  have  been  proposed  for  the  prevention  of  adhesions  have  not 
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been  compared  in  this  model,  this  degree  of  etticacy  has  yet  to  be  demonstrated  by  other 
materials  or  therapies. 

These  favorable  findings  for  the  X20-poly(GVGVP)  composition  of  bioelastic  matrix 
may  be  obtainable  by  additional  compositions.  While  there  are  as  yet  an  inadequate  number 
of  animals  tested  for  the  other  compositions,  two  were  particularly  promising.  With  four 
animals  tested  for  each  composition,  X20-poly(GGIP)  W3S  effective  100%  of  the  time,  and 
X20-poly(GVGIP)  was  effective  75%  of  the  time.  Also  appearing  effective  were  X20- 
poly[0.45(GVGVP),0.55(GAGVP)]  and  X20-poiy[0.75{GVGVP),0.25(GFGVP)].  Less 
effective  was  X2°-poly[0.67(GGVP),0.33(GGFP)];  with  6  animals  this  material  was 
effective  50%  of  the  time,  but  with  the  other  three  animals  the  matrix  was  entirely 
encapsulated.  Exhibiting  the  poorest  performance,  but  still  appearing  to  be  biocompatible, 
was  X20-poly(AVGVP)  where  with  but  three  animals  the  material  was  effective  33%  of  the 
time.  These  additional  compositions  provide  the  opportunity  for  a  range  of  physical 
properties;  for  example,  they  encompass  the  full  range  of  elastic  moduli  noted  above. 

The  serous  membrane  lining  which  covers  the  abdominal  wall  is  called  the  parietal 
peritoneum,  and  that  continuous  part  that  is  reflected  over  the  internal  organs  is  the 
visceral  peritoneum.  In  the  contaminated  peritoneal  model  in  the  rat  utilized  above,  both 
parietal  and  visceral  peritoneal  surfaces  are  injured  and  contaminated,  and  the  injured  sites 
are  held  in  juxtaposition.  This  is  a  severe  challenge  to  the  fundamental  problem  of 
achieving  repair  of  the  serous  membrane  by  regeneration  of  the  mesothelial  cell  lining 
without  resulting  in  the  fibrotic  response  giving  rise  to  adhesions. 

Many  adjunctive  chemical  therapies  have  been  attempted  for  promoting  mesothelial 
regeneration  while  limiting  fibrosis  resulting  from  surgical  procedures.  These  include25 
heparin26,  corticosteroids27,  antihistamines28,  non-steroidal  anti-inflammatory  drugs29, 
fibrinolytics30,  sodium  carboxy  methyl  cellulose31,  chondroitin  sulfate32,  proteolytics33 
and  dextran34  35.  Quoting  from  Jansen36  in  his  review  of  ‘The  First  International 
Symposium  for  the  Treatment  of  Post-Surgical  Adhesions'  heid  in  Phoenix,  Arizona 
September  1989,  'Adjunctive  therapy  to  promote  mesothelial  healing  over  fibrosis  and 
formation  of  adhesions  has  a  tenuous  basis  in  the  clinical  practice  of  preventing 
adhesions37'39.  Corticosteroids,  antihistamines,  antiprostaglandins  and  anticoagulants 
have  all  been  used  to  aid  healing,  but  properly  controlled  clinical  studies  are  few  and  the 
evidence  is  against  their  use  around  the  time  of  operation  making  a  material  difference  to 
the  eventual  outcome.' 

The  use  of  bioelastic  matrices  for  the  prevention  of  adhesions  involves  the  physical 
barrier  approach.  There  are  many  materials  that  have  been  considered  as  physical  barriers 
principally  as  pericardial  substitutes  as  considered  further  below.  As  recently  reviewed  by 
Gabbay40,  ‘These  have  included  silicone  membranes41,  polyurethane42,  fascia  lata43'44, 
polytetrafluoroethylene  (Gore-Tex)  patches45  46'  bovine  and  porcine  pericardium 
xenografts  (PXs)  treated  with  glutaraldehyde47'50,  siliconized  Dacron51'52  and  dura 
mater53'. 

Soules,  et  al.54,  in  a  comparison  of  the  available  physical  barrier  materials  for  the 
prevention  of  adhesions  in  the  pelvic  cavity,  tested  Gelfilm,  Surgicel,  Silastic,  Gelfoam 
paste,  amnion,  peritoneum  and  omentum  and  concluded  'The  data  suggest  that  the  barrier 
methods  actually  promote  the  formation  of  adhesions...'.  By  further  designing  Surgicel, 
specifically  as  a  material  for  the  prevention  of  adhesions,  the  resulting  oxidized, 
regenerated  cellulose,  called  Interceed  (TC7),  was  tested  in  the  rabbit  uterine  horn 
model55.  Those  results  led  to  a  multicenter  clinical  study  where  good  surgical  technique 
was  the  control  with  a  28%  absence  of  adhesions  and  where  use  of  Interceed  and  good 
surgical  technique  was  *he  test  with  a  54%  absence  of  adhesions56.  In  the  Japanese 
multicenter  clinical  study  for  infertility  and  endometriosis  surgery,  adhesions  were 
reduced  from  76%  in  the  controls  to  41%  when  Interceed  was  used57. 

Interceed  has  now  been  approved  for  use  in  the  pelvic  region  by  the  U.  S.  Food  and 
Drug  Administration.  Even  in  this  favorable,  approved,  limited  anatomical  use,  41%  to 
46%  of  the  cases  resulted  in  adhesion  formation.  In  addition,  Interceed  is  considered  to 
promote  adhesion  when  saturated  with  blood36  and  it  is  contra-indicated  when  there  is 


frank  infection.  Thus,  the  need  for  a  material  or  therapy  to  prevent  adhesions  remains 
critical  to  improve  the  outcome  of  surgeries  in  genera',  to  prevent  the  chronic  pain  and 
discomfort  that  follow  abdominal  surgery,  to  decrease  the  incidence  of  bowel  obstruction 
following  abdominal  surgery,  to  decrease  tha  incidence  of  infertility  in  women  due  to 
surgical  procedures  in  the  pelvic  region,  and  to  decrease  risk  and  improve  the  outcome  of 
reoperations. 


Strabismus  Suroerv  Model  in  the  Rabbit  Eve58 

Strabismus  is  a  disorder  of  the  rectus  muscles  of  the  eye  which  prevents  both  eyes 
from  simultaneously  focusing  on  the  same  point,  as  in  crossed  eyes.  Corrective  surgery 
attempts  to  alleviate  this  disorder  by  detachment  of  one  of  the  four  rectus  muscles  that 
orient  the  eye  and  reattachment  in  order  to  bring  the  eyes  into  better  alignment.  The 
complication  is  that  the  repositioned  muscle  can  adhere  (become  reattached  due  to 
scarring),  for  example,  to  the  old  insertion  site,  thereby  defeating  attempts  to  achieve 
accurate  alignment. 

A  number  of  materials — silicone59;  a  polyglactin  910  mesh60,  Supramid 
Extra® — have  been  used  in  the  form  of  tubes  or  sleeves  to  improve  the  outcome  of  this 
surgical  procedure61  •62.  but  these  efforts  have  now  been  largely  discontinued.  It  becomes 
of  interest  therefore  to  determine  the  possible  effectiveness  of  bioelastic  materials. 

In  the  rabbit  eye  model  following  a  modification  of  Sondhi’s  method60,  the  superior 
rectus  muscle  is  detached  at  its  insertion  site  on  the  sclera;  a  patch  of  sclera  3  mm  x  3  mm 
is  removed  underlying  the  muscle;  the  muscle  capsule  overlying  the  scleral  injury  is 
removed,  and  the  muscle  is  reattached  at  its  original  site.  At  one  week  the  muscle  is  tightly 
adherent  to  the  scleral  injury  site  and  at  eight  weeks  histological  examination  demonstrated 
a  dense  fibrovascular  scar.  For  the  test  animals  two  compositions  of  bioelastic  materials 
were  used,  X2  0 -poly(GVGVP)  with  three  animals  and  X2  0 - 
poly[0.7S(GVGVP1.0.?5(GFGVP)]  with  two  animals.  Both  compositions  were  well  tolerated 
by  the  eye  with  no  inflammation  evident  after  the  mild  inflammation  of  the  procedure 
subsided  within  a  few  days.  In  both  cases  adhesion  of  the  muscle  to  the  overlying 
conjunctiva  and  the  muscle  to  the  sclera  did  not  occur.  A  glistening  fibrous  capsule  formed 
around  X2°-poly[0.75(GVGVP),0.25(GFGVP)j  within  two  weeks  whereas  no  capsule 
formed  around  X20-poly(GVGVP)  in  a  two-month  period.  Both  materials  ultimately 
extruded  through  the  conjunctiva  of  the  small  rabbit  eye.  The  latter  material  holds  promise 
for  use  in  strabismus  surgery,  particularly  if  the  matrix  can  be  designed  to  degrade  within 
a  period  of  a  month  or  two  in  order  to  prevent  limiting  of  eye  movement,  and  possible 
extrusion. 


Total  Artificial  Heart  Model  in  the  Calf  (Toward  an  Artificial  Pericardium! 

Use  with  the  Total  Artificial  Heart:  The  properties  of  the  bioelastic  materials 
considered  in  the  peritoneal  model  appear  to  be  appropriate  for  use  with  the  total  artificial 
heart  (TAH)  as  a  bridge  to  heart  transplantation.  When  the  TAH  is  emplaced  even  for  a  short 
time,  adhesions  form  to  the  surface  of  the  device.  Removal  of  the  TAH  prior  to  placement  of 
the  donor  heart  requires  dissection  of  the  adhesions  which  presents  a  compromised  site  for 
the  donor  heart.  Work  is  presently  underway  to  make  sheets  of  X20*poly(GVGVP)  of 
appropriate  size  which  are  to  be  utilized  by  the  University  of  Utah  group  under  the 
direction  of  0.  B.  Olsen  in  the  calf  model.  The  periods  of  placement  are  to  vary  from  one  to 
six  months. 

Toward  an  Artificial  Pericardium:  In  the  more  than  400,000  open  heart  surgeries 
performed  per  year  in  the  U.  S.  ,  the  chest  is  opened  by  splitting  the  sternum;  the 
pericardial  sac  in  which  the  heart  resides  is  opened  and  cardiopulmonary  bypass  (CPB)  is 
instituted.  When  the  procedure,  which  may  be  the  emplacement  of  coronary  artery  bypass 
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grafts  (CA8G),  valve  replacement  or  correction  of  congenital  defects,  is  completed,  the 
issue  of  closure  is  addressed.  It  is  preferred  if  the  pericardium  can  be  closed,  but  it  is  often 
necessary  to  leave  the  pericardial  sac  open  for  several  reasons45-50-63'64.  During 
cardiopulmonary  bypass  the  heart  can  become  distended  and  the  compression  due  to  closure 
can  lower  the  performance  of  the  heart;  compression  due  to  closure  can  also  compress, 
distort  or  kink  the  aorta-coronary  bypass  grafts  compromising  their  function;  the 
pericardium  can  be  left  open  to  permit  drainage,  and  shrinkage  of  the  pericardium  may  have 
occurred  following  a  previous  operation. 

There  are  many  conditions  necessitating  reoperation50-65:  "intimal  hyperplasia  of 
saphenous  vein  bypass  grafts,  graft  atherosclerosis,  progression  of  underlying  coronary 
artery  disease65",  prosthetic  valve  failure,  perivalvular  leakage,  infection  on  prosthetic 
valves  and  conduits,  progression  of  coronary  artery  disease  necessitating  repeat  CABG.  and 
congenital  heart  disease  requiring  a  definitive  operation  following  a  palliative  surgical 
procedure50 

The  increased  risks  on  reoperation  are  many.  Perhaps  most  striking  are  the  danger 
of  rupturing  the  heart  as  the  sternum  is  reopened  due  to  severe  adhesions  between  heart  and 
sternum  resulting  from  having  left  the  pericardial  sac  open  and  the  danger  of  severing  an 
aorta-coronary  graft  buried  within  an  adhesion66.  There  is  increased  reoperation  time, 
excessive  bleeding  due  to  dissection  of  adhesions,  and  degeneration  of  pericardial  substitutes 
that  may  have  been  tried  and  adhesion  of  the  pericardial  substitute  to  the  heart60. 

Gabbay40  has  listed  desirable  properties  for  a  pericardial  substitute  as  "(1) 
nonadherence  to  the  heart  and  easy  separability  upon  reoperation;  (2)  nonadherance  to  the 
sternum  upon  reoperation,  so  that  repeat  sternotomy  is  technically  no  different  from  the 
original  procedure;  (3)  capability  of  mechanical  attributes,  and  maintenance  of  the 
barrier  integrity  of  the  native  pericardial  sac;  (4)  freedom  from  dimensional  distortion  or 
shrinkage  upon  prolonged  implantation;  (5)  convenience  and  technical  ease  of  handling; 
(6)  immunologic  inertia,  so  as  not  to  provoke  inflammatory  host  response;  and  (7) 
capability  of  acquiring  frbronolytic  activity  similar  to  nature  pericardial  tissue". 

The  consideration  of  bioelastic  materials  as  a  pericardial  substitute  presents  a 
challenge  to  which  these  new  materials  are  well-suited.  While  it  would  be  possible  to 
discuss  bioelastic  matrices  in  terms  ol  each  of  the  desired  properties  noted  above,  only 
three  aspects  will  be  briefly  noted.  One  is  the  capacity  to  design  bioelastic  matrices  to  have 
an  elastic  modulus  in  the  range  exhibited  by  the  pericardial  sac;  the  second  is  the 
demonstrated  capacity  in  the  peritoneal  and  eye  models  noted  above  not  to  adhere  to  tissues 
undergoing  repair;  and  the  third  is  the  capacity  to  introduce  cell  attachment  sequences  and  to 
provide  a  matrix  on  which  those  cells  can  function.  Thus,  identification  and  incorporation  of 
cell  attachment  sequences  for  the  mesothelial  cells  that  line  the  pericardiu.n  and  for  the 
underlying  mesenchymal  cells  could  provide  for  a  pericardial  substitute  that  could  be 
remodeled  to  form  a  functional  pericardium  with,  among  other  properties,  a  fibrinolytic 
activity. 
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ABSTRACT 

We  have  evaluated  the  physical  properties  and  animal  efficacy  of  a  hyaluronic  acid  (HA) 
based  bioresorbable  membrane  for  the  prevention  of  post-surgical  adhesions.  Test  methods 
were  developed  to  measure  the  dry  and  wet  tensile  properties  and  in  vitro  tissue 
adhesiveness  of  the  membranes.  The  thin  membranes  were  found  to  have  sufficient 
strength  and  flexibility  in  the  dry  state  for  surgical  handling.  When  hydrated  in  buffered 
saline,  the  membranes  became  weaker  and  more  elastic.  The  membranes  exhibited  a  high 
degree  of  tissue  adhesiveness  and  significantly  reduced  adhesion  formation  in  a  rat  cecal 
abrasion  model. 


INTRODUCTION 

Surgical  adhesions  are  unnatural  joinings  of  normally  separate  tissue  surfaces  which 
may  form  as  a  consequence  of  the  normal  wound  healing  response  to  injury.  Adhesions 
can  result  in  bowel  obstruction  and  pain  following  abdominal  surgery,  limited  range  of 
motion  following  orthopedic  surgery,  and  infertility  following  gynecological  surgery. 
Various  methods,  including  pharmacological  agents,  solutions,  and  physical  barrters,  have 
been  evaluated  for  adhesion  prevention  with  limited  success.  The  barrier  materials  that  are 
currently  available  have  definite  limitations.  For  example,  the  only  FDA  approved  product 
for  adhesion  prevention  is  the  lntercecd™-TC7  banier  composed  of  oxidized  regenerated 
cellulose.  However  this  product  is  contraindicated  in  the  presence  of  blood  1 1).  The 
GORE-TEX®  Surgical  Membrane  barrier,  made  from  expanded  Teflon®,  is  currently 
under  investigation  in  human  gynecologic  surgery  but  must  be  sutured  in  place  and 
removed  at  a  second  operation  [2|. 

We  have  developed  a  bioresorbable  membrane  for  the  prevention  of  post-surgical 
adhesions  based  on  sodium  hyaluronatc,  the  sodium  salt  of  hyaluronic  acid  (HA).  HA  is  a 
naturally  occurring  biopolymer  found  in  the  synovial  fluid,  vitreous  humor,  and 
extracellular  matrix  of  humans.  It  is  a  polyanionic  polysaccharide  with  glucuronic  acid  and 
N-acelylglucosamine  repeating  units  (Structure  1)  that  can  be  modified  to  reduce  its 
solubility  and  degradation  rate  in  physiological  environments  and  thereby  enhance  its  utility 
as  a  biomaterial.  Our  studies  in  animal  models  have  shown  significant  reduction  of 
adhesion  formation  with  the  use  of  HA  based  bioresorbable  membranes  [3,4].  The 
membranes  reduce  adhesion  formation  by  providing  a  protective  barrier  at  the  specific  sites 
of  tissue  injury  that  occur  during  surgery. 


Structure  1 .  Sodium  Hyaluronatc 
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The  physical  properties  of  an  adhesion  barrier  are  critical  to  the  product's  performance 
The  barrier  must  have  sufficient  strength  and  flexibility  to  provide  the  surgeon  w  ith  good 
handling  properties  in  both  a  dry  and  wet  environment  and  it  must  be  rcadih  re -.orbed 
during  the  normal  wound  healing  process.  The  barrier  must  also  possess  a  certain  degree 
of  tissue  adhesiveness  to  prevent  product  migration  after  placement  on  the  iniured  site,  but 
must  not  adhere  to  surgical  instruments  and  gloves.  Finally,  the  harrier  must  he  able  to 
withstand  terminal  sterilization. 

The  goals  ol  this  study  were  to:  ( 1 )  develop  methods  to  analyze  the  dry  and  wet  tensile 
properties  and  tissue  adhesiveness  of  HA  based  bioresorbable  membranes  in  order  to 
assess  their  suitability  lor  in  vivo  studies;  (2)  determine  the  effects  of  gamma  irradiation  on 
the  mechanical  properties  ol  the  membranes;  and  (3)  confirm  effective  adhesion  reduction 
with  the  membranes  in  an  animal  model. 

MATERIALS  AND  METHODS 

The  bioresorbable  membranes  were  manufactured  from  moditicd  HA  based 
formulations  made  by  a  proprietary  method  |5|.  An  Instron  Universal  Testing  System 
Model  4201  was  used  for  all  of  the  tensile  and  tissue  adhesiveness  tests.  The  membranes 
were  gamma  irradiated  at  six  doses,  including  nonirradialed  controls. 


The  dry  tensile  properties  of  the  membranes  were  determined  according  to  .STM 
Standard  Test  Method  D8X2.  Test  samples  were  cut  into  strips  1  cm  wide  and  the  cross- 
sectional  area  of  each  sample  was  measured.  The  test  specimens  were  placed  in  air- 
actuated.  fiat-faced  grips  with  an  initial  separation  of  25  mm.  A  constant  crosshead  speed 
of  2  mm/min  was  used  to  determine  the  ultimate  tensile  strength,  elastic  modulus,  and 
percent  elongation  at  break. 


Wet  Tensile  Tests 

Samples  were  prepared  as  above.  A  test  chamber  was  specifically  designed  for 
measuring  the  mechanical  properties  of  the  membranes  in  a  physiological  environment.  In 
this  testing  system,  the  entire  sample  was  immersed  in  a  phosphate  buffered  saline  solution 
(pH  7.2)  at  room  temperature  during  mechanical  testing.  The  initial  grip  separation  was  25 
mm  and  the  crosshead  speed  was  5  mm/min.  The  test  was  performed  immediately  after 
immersing  the  membrane  in  saline.  The  ultimate  tensile  strength,  elastic  modulus,  and 
percent  elongation  at  break  were  determined. 


Tissue  Adhesion  Tests 

A  method  for  measuring  the  tissue  adhesiveness  of  membranes  in  vitro  was  modified 
from  the  literature  [6],  The  energy  required  to  break  the  bond  between  the  membrane  and 
biological  tissue  (skinless  chicken  breast)  was  measured  and  related  to  the  energy  required 
to  break  the  bond  between  a  Teflon*-'  reference  membrane  and  tissue.  A  schematic  diagram 
(>l  the  test  apparatus  is  shown  in  Figure  I.  The  membrane  was  brought  in  contact  with 
moist  tissue  under  a  constant  compressive  load  for  50  seconds.  Then  the  membrane  was 
pulled  off  the  tissue  at  a  speed  of  l  mm/min  and  the  energy  was  recorded.  A  stainless  steel 
substrate  was  used  to  simulate  the  adhesiveness  of  the  membranes  to  surgical  instruments. 


Animal  Efficacy  Study 

F.ighly  female  Sprague-Dawley  rats  (225-250  gm)  were  anesthetized  with  ari 
intramuscular  injection  of  ketamine  and  xylazine.  A  midline  incision  was  made  and  the 
cecum  was  isolated  and  abraded  by  a  previously  described  method  |4|  Animals  were 
randomized  to  test  (membrane)  or  control  (no  membrane)  groups  after  abrasion.  For 
animals  in  the  test  group,  a  2  in.  x  2  in  piece  of  sterile  HA  based  bioresorbable  membrane 
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Hits  wrapped  completely  around  the  cecum.  The  incision  was  closed  and  the  animals  were 
allowed  to  recover.  Seven  days  alter  surgery,  the  animals  were  sacrificed  and  graded  lor 
the  number  and  severity  of  cecal  adhesions  by  a  blinded  evaluator.  The  severity  of 
adhesions  was  scored  on  a  scale  of  0  to  4  with  a  grade  of  2  or  higher  considered  clinically 
significant. 


D 

E 


Figure  I.  Tissue  Adhesiveness  Test  Apparatus 
A:  Instron  test  system;  B:  Membrane  sample  holder; 

C:  Test  membrane;  D;  Tissue  substrate;  FI;  Substrate  holder 


RESULTS 


Mvdiama.1  Ttab 

The  dry  HA  based  bioresorbable  membranes  were  very  strong  and  stiff.  The  mean  dry 
nominal  tensile  strength  of  the  membranes  was  72  MPa.  the  mean  elastic  modulus  was  4.5 
GPa.  and  the  mean  elongation  at  break  was  2.6(?  (Table  1 ).  When  immersed  in  saline,  the 
membranes  became  weaker  and  more  elastic.  The  mean  wet  nominal  tensile  strength  was 
1.5  MPa.  the  mean  elastic  modulus  was  3.3  MPa.  and  the  mean  elongation  at  break  was 
63'7<  .  We  believe  the  change  in  properties  is  due  to  the  rapid  hydration  of  the  membrane, 
which  occurs  within  30  seconds,  and  the  inherent  hydrophilic  property  of  HA  based 
materials. 

There  was  no  change  in  the  dry  properties  of  the  membranes  with  gamma  irradiation 
dosage  as  compared  to  non -irradiated  controls.  However,  gumma  irradiation  reduced  the 
wet  strength  of  the  HA  based  membranes  (Figure  2).  The  membranes  lost  50',?  of  their 
initial  wet  strength  after  irradiation  at  1  6  Mratl  and  765?  at  2.5  Mrad. 


Table  I.  Dry  and  Wet  Tensile  Properties  of 
HAL-F™  Bioresorbable  Membrane 


Tensile  Elongation 

Strength! MPa)  at  Break  (ff) 


Elastic 


DRY  71.7  ±6.9 

WET  1.5  ±0.3 


2.6  ±  0.4  4.490  ±  400 

63.2  ±  2.0  3.3  ±  0.6 


Values  expressed  as  the  mean  ±  standard  error  of  the  mean 
n=6  for  dry  tests;  n=4  for  wet  tests 
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Tissue  Adhesiveness  Tests 

During  preliminary  test  method  development,  in  vivo  tissue  adherence  of  the 
membranes  correlated  well  with  the  in  vitro  test  results.  A  subsequent  study  showed  that 
HA  based  bioresorbable  membranes  had  similar  or  greater  tissue  adherence  properties  when 
compared  to  Jnterceed  (TC-7)™  and  Teflon®  (Figure  3). 


Figure  2.  Effect  of  Gamma  Irradiation  on 
Retention  of  Wet  Strength  of  HA  Based  Membrane 
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Figure  3.  Relative  Adhesiveness  of  HA  Based 
Membrane  and  Interceed  (TC7)™  to  Teflon® 

Relative  Adhesiveness  is  the  square  root  of  the  energy  to  break  lor 
the  sample  divided  by  the  energy  to  break  for  Teflon®  reference. 
Values  expressed  as  the  mean  t  standard  error  of  the  mean  (n=f>) 


Grade  2  or  higher  adhesions  were  found  in  20%  (8/40)  of  the  animals  in  the  HA  based 
membrane  group  compared  to  92%  (36/39)  in  the  control  group.  This  represents  a  7895 
reduction  of  significant  adhesions  with  HA  based  membrane  treatment.  Additionally,  the 
mean  incidence  of  all  cecal  adhesions  was  significantly  lower  in  the  HA  based  membrane 
group  (0.2  +  0.1)  when  compared  to  the  control  group  (1.9  ±  0.4). 


SUMMARY 

We  have  developed  lest  methods  to  evaluate  the  physical  properties  of  HA  based 
bioresorbable  membranes  for  adhesion  prevention.  Results  from  these  tests  have  aided  in 
the  selection  of  materials  for  manufacturing  development  and  animal  efficacy  studies.  The 
membranes  had  sufficient  tensile  strength  in  the  dry  stale  for  surgical  handling  and 
placement.  Upon  hydration,  the  strength  of  the  membranes  decreased  due  to  the  rapid 
hydration  of  the  HA  based  material.  The  membranes  were  able  to  be  gamma  irradiated  at 
low  doses  and  possessed  a  high  degree  of  tissue  adhesiveness  to  prevent  product  migration 
after  surgery.  The  wet  strength  of  the  membranes,  even  after  gamma  irradiation,  w 
sufficient  to  ensure  the  membranes  remained  intaet  to  act  effectively  as  an  adhesion  barrier. 
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ABSTRACT 

A  new  type  of  composite  biomaterial  was  developed  and  is  described  in  this  paper.  The 
composite  is  based  on  a  high  strength  AI2O3  ceramic  substrate,  sintered  with  a  layer  of 
hydroxyapatite.  The  layer  was  examined  by  x-ray  diffraction  and  infrared  spectroscopy.  Animal 
experiment  showed  that  the  composite  has  good  biocompatibility,  and  can  form  tight  osteo- 
integration  with  bone  in  12  weeks.  It  is  a  bioactive  material  with  a  high  strength. 


INTRODUCTION 

Alumina  was  the  first  bioceramic  to  achieve  wide  clinical  applications  [  1 J.  It  has  high  wear 
resistance,  high  strength,  good  hiocompatibility  and  very  stable  chemical  properties  in  the 
physiological  environment.  Alumina  is  an  example  of  a  nearly  inert  bioceramic  which  forms  no 
chemical  or  biological  bond  at  the  material-tissue  interface,  but  instead  leads  to  the  formation  of  a 
nonadherent  fibrous  capsule.  There  is  relative  movement  at  the  interface,  which  eventually  leads 
to  interfacial  deterioration. 

Hydroxyapatite  (HA)  has  the  same  structure  as  the  inorganic  substance  of  human  hard  tissues. 
It  is  a  bioactive  material  that  elicits  a  direct  chemical  response  at  the  interface  and  forms  a  very 
tight  bond  to  the  tissue.  However,  its  poor  sintering  properties,  low  strength  and  limited  fatigue 
resistance  restrict  its  applications  (2).  The  present  investigation  developed  a  new  type  of 
biomaterial,  that  combines  the  virtues  of  alumina  and  HA. 


EXPERIMENTAL  PROCEDURE 

Maumals 

Alumina  powder  with  an  average  grain  size  of  <  0. 1  pm  and  >  99.99%  purity  was  mixed  with 
a  small  amo'rnt  of  magnesia  (0.x%).  then  shaped  in  the  form  of  i)4mm  screws,  and  sintered  in  air 
or  H2  at  1 6CK)- 1700  °C  for  2-5  hr  tr  obtain  the  AI2O3  substrates. 

A  solution  of  Ca(NOi)2  and  ",  solution  of  (NH^HPOa  were  brought  to  pH  11  to  12  with 
concentrated  NH4OH,  then  the  ammonium  hydrogen  phosphate  solution  was  added  dropwise 
into  stirred  calcium  nitrate  solution  at  a  proper  speed  to  produce  a  milky  precipitate,  which  was 
then  stirred  for  24  hr.  HA  is  formed  via  the  following  reaction: 

Ca(NOy)2  +  (NH4)2HP04  -*  Caio(P04)fi(OH)2  +  NH4NO3 

The  reaction  mixture  was  washed  with  distilled  water  and  centrifuged  to  get  pure  HA  powder. 

In  accordance  with  phase  equilibrium  diagrams,  a  glass  with  a  melting  point  of  <  l(XX)  °C  was 
chosen  as  the  sintering  aid.  This  aid  must  be  wetting  to  HA  and  AI2O3.  An  appropriate  amount 
of  the  sintering  aid  and  HA  powder  were  mixed  efficiently  in  distilled  water  or  alcohol.  Then  the 
mixture  was  coated  on  the  AI2O3  ceramic  substrates  and  sintered  in  air  at  a  temperature  <  KXXEC 
to  obtain  the  composites  (Fig.  I). 
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■  ALUMINA  SUBSTRATE 


-HA  COATING 


Fig.  1.  Shape  of  the  composite  implant 


Measurements 

The  AI2O3  substrate  of  the  AI2O3/HA  composite  was  characterized  by  mechanical  testing  and 
physical  analysis. 

The  surface  of  the  composite  was  examined  by  the  techniques  of  x-ray  diffraction  (XRD)  and 
infrared  (IR)  spectroscopy. 

Dogs  weighing  between  15  and  20  kilograms  were  chosen  as  the  experimental  animal.  The 
composite  implants  were  implanted  in  the  dogs'  mandibles.  Dogs  were  sacrificed  after  2.  4.  X 
and  12  weeks  implantation  respectively  to  prepare  sections.  The  sections  were  observed  by  light 
microscopy  and  electron  microscopy.  The  Ca2+  content  at  the  implant-bone  interface  was 
determined  by  energy-dispersion  spectroscopic  analysis. 


RESULTS  AND  DISCUSSION 
Characterization  of  the  implant 

The  properties  of  HA  ceramic.  AI2O3  ceramic  and  AI2O3/HA  composite  are  shown  in  Table  1. 
The  HA  coaling  of  the  composite  is  about  60  pm  in  thickness.  The  composite  maintains  the 
good  mechanical  properties  of  Ah 6)3  cc.aiuiv.,  so  it  can  be  used  for  large  load-bearing  clinical 
applications. 


Surface  structure  of  the  composite 

HA  begins  to  lose  OH'  groups  when  the  temperature  is  over  I2(X)°C.  In  order  to  maintain  the 
structure  of  HA  in  the  sintering  process,  a  sintering  aid  with  a  melting  point  below  1(XX)°C  was 
chosen.  Light  microscopy  showed  that  the  coaling  was  porous;  small  undeveloped  HA  grains 
were  united  by  the  glass.  An  XRD  pattern  of  the  surface  is  shown  in  Fig.2.  Diffraction  peaks 
were  correlated  with  ASTM  data  for  HA  (Fig.2).  Further  analysis  by  IR  verified  the  existence  of 
absorption  at  650  cm'*,  which  characterizes  OH'  groups  (Fig. 3).  XRD  and  IR  results  therefore 
indicate  that  there  is  no  structure  change  of  HA  in  the  sintering  process. 


Table  1.  The  properties  of  HA  ceramic.  AI2O}  ceramic  and  AhOyHA  composite 


HA 

AI2O3 

AI2O3/HA 

Fracture  strength 

130 

440 

440 

(MPa) 

i  Bulk  density 

3.13 

3.89 

(g/cm3) 

i  Bond 

osteointegration 

fibrous  capsule 

osteointegration 

50  45  40  35  30  2 

Degrees  29 

Fig. 2.  X-ray  diffraction  pattern 
of  sintered  coaling 


1200  1000  800  600 
Wavenumber  (cm1) 

Fig. 3.  Infrared  spectrum 
of  sintered  coating 


After  2  weeks,  granulations  were  found  at  the  composite-bone  interface.  Typical  fibroblasts 
could  be  identified  clearly  (Fig. 4).  After  4  weeks  implantation,  a  number  of  new  trabeculae 
formed  at  the  composite-bone  interface.  The  trabeculae  were  surrounded  by  osteoblasts.  In  this 
earlier  period,  osteoblasts,  blood  capillary  and  mesenchymal  cells  at  the  interface  increased 
rapidly.  Collagen  fibers  began  to  mineralize  (Fig.5).  After  8  weeks,  trabeculae  at  the  interface 
were  larger  and  more  regular  in  arrangement  than  those  at  4  weeks  posiimpianiation.  forming 
new  bone.  The  new  hone  connected  with  the  base  bone  and  began  to  mineralize.  There  were 
Haversian  canals  forming  (Fig.6).  After  12  weeks,  the  new  bone  matured  primarily  and  merged 
with  the  base  bone  (Fig.7). 

The  calcium  content  of  the  implant-bone  interface  was  determined  at  2,  4,  8.  12  weeks 
postimplantation.  The  results  are  shown  in  Table  11.  From  the  results,  we  conclude  that  the 
calcium  content  of  the  interface  after  8  weeks  implantation  was  close  to  that  of  the  normal  bone, 
and  that  these  two  quantities  were  the  same  after  12  weeks.  This  result  agreed  with  histological 
observation. 


fig  4.  [electron  micrograph  of  (he 
interface  after  2  weeks  implantation 
(fibroblasts  could  he  identified) 


Fig. 5.  Flection  micrograph  of  the 
interface  after  4  weeks  implantation 
(Collagen  fibers  began  to  minerali/el 


fig. 6.  Flection  micrograph  ol  the  ltg.7.  Flection  micrograph  ul  the 

interface  alter  X  weeks  implantation  interlace  after  1 2  weeks  implantation 

( I  laversian  canals  can  be  seen  i  (The  bond  has  matured  I 


Table.  II  ('a-1*  content  of  the  interface  at  different  weeks  postiinplantation  X+Sf. 


Weeks 

1 

4 

X 

12 

Composite 

4V7(«±(I  f>7 

54.  l<)±(l.7fi 

M.56±  1.(14 

6X.U4±().4‘) 

Normal  bone 

5X  X7±(I.2I 

<i7.X4±0. 17 

f>7.hl)±l)J 

bX.XI±0.l> 
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Mechanism  of  implant-tissue  attachment 

In  the  biological  environment,  HA  ceramic  and  bioglasses  form  bonds  with  bone  in  different 
ways.  When  the  bioacrive  glass  is  implanted  in  the  hone,  a  series  of  complicated  intcrfacial 
chemical  reactions  will  take  place  at  first.  These  reactions  result  in  a  layer  of  apatite  on  the 
surface.  The  glass  bonds  with  the  bone  through  this  layer  eventually.  HA  has  the  same  structure 
as  the  inorganic  substance  of  hone  tissues.  Compared  with  the  bioglasses,  HA  ceramic  has 
better  affinity  for  bone.  When  HA  ceramic  is  implanted  in  bone,  it  can  bond  with  bone  directly. 
The  diffusion  of  ion  is  very  important  to  the  bond  forming  and  developing. 

The  coating  of  the  composite  consisted  of  small  undeveloped  HA  grains,  and  glass  that 
contained  Ca2+  and  POj^' .  The  small  grains  had  high  activity,  and  Ca2+  and  PO4*'  in  the  glass 
migrate  easily  to  the  surface  to  promote  the  growth  of  new  bone.  The  coating  was  porous:  along 
with  degeneration  of  the  glass,  the  pores  became  larger.  Ingrowth  of  collagen  and  new  bone  into 
the  surface  pores  could  increase  the  attachment  area,  promoting  interfacial  bonding  strength. 


CONCLUSIONS 

AhOy/HA  composite  is  a  bioactive  material  with  a  high  strength.  It  maintains  the  high  strength 
of  the  AlsOy  substrate,  and  can  achieve  larger  toad-hearing  applications.  Animal  experiment 
shows  that  it  has  very  good  biocompatibility  and  forms  light  osteointegration  with  bone  in  12 
weeks.  The  composite  is  also  very  easy  to  process  into  ideal  desired  shapes. 
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ABSTRACT 

Polyanionic  proteins  isolated  from  biominerals  serve  as  models  for  the  development  of 
biodegradable  surface-reactive  commercial  polymers.  A  simple  model  for  the  natural  polyanions  is 
polyaspartic  acid.  This  polymer  may  be  made  on  a  large  scale  using  thermal  polymerization  of  dry 
aspartic  acid.  The  immediate  result  of  the  reaction  is  polysuccinimide  which  is  hydrolyzed  with 
base  to  form  the  polypeptide.  The  overall  process  yields  up  to  99%  conversion  of  aspartic  acid  to 
polyaspartate.  The  thermal  polyaspartate  (TPA)  is  a  copolymer  having  70%  of  the  amide  bonds 
formed  from  P-carboxyl  groups  and  30%  from  a-carboxyl  groups.  TPA  is  as  effective  as  the 
commercial  polyanion  polyacrylate  in  mineral  dispersion  and  growth  inhibition  assays. 
Biodegradation  of  the  TPA  has  been  established  using  standard  BOD  and  CO2  evolution  assays. 

In  contrast,  polyacrylates  appear  to  be  non-degradable.  Modifications  of  the  TPA  have  been  made 
by  reacting  the  succinimide  with  nucleophiles.  Crosslinking  of  the  polymer  has  been  achieved,  a 
process  which  results  in  absorbent  gels.  Because  TPA  can  be  produced  in  large  scale,  has  similar 
activity  to  polyacrylate  and  is  biodegradable,  it  seems  a  likely  candidate  for  use  in  numerous 
applications  in  which  non-degradable  polyanions  are  employed.  These  applications  include  use  as 
detergent  additives,  water  treatment  chemicals,  dispersants  for  the  paint  and  paper  industry  and  as 
superabsorbents  in  health  and  sanitary  products. 

INTRODUCTION 

The  search  for  degradable  materials  has  led  workers  to  consider  using  biopolymers  as 
components  of  new  or  existing  technologies.  However,  in  many  cases  the  supply  of  the  polymer 
is  limiting  or  the  cost  of  obtaining  the  material  is  excessive  for  the  application  under  consideration. 

An  example  of  a  class  of  biopolymers  having  numerous  theoretical  applications  but 
available  in  on'y  small  quantities  ;s  the  matrix  oolyanionic  protein  extracted  from  various 
biominerals  such  as  teeth,  bone  and  mollusc  shell.  It  has  been  demonstrated  that  these  charged 
proteins  can  readily  adsorb  to  crystals  and  in  so  doing  inhibit  their  growth  1 1 ).  In  the  context  of 
biomineralization,  the  adsorption  may  be  crystal  face  or  site-specific  and  thus  the  inhibition  may 
occur  for  growth  along  specific  axes  [2].  It  is  in  this  fashion  that  matrix  proteins  may  control 
crystal  growth  leading  to  the  conserved  and  sometimes  unusual  microstructures  typical  of 
biominerals. 

Some  of  the  properties  of  polyanionic  proteins  that  lead  to  control  of  biomineral  formation 
may  also  make  them  candidates  for  a  number  of  commercial  applications.  For  example,  numerous 
commercial  polyanions  which  are  produced  in  100's  of  millions  of  pound  quantities  are  used  to 
inhibit  the  growth  of  various  minerals  (anti-sealants)  or  act  as  dispersants  of  particles  [3|.  Like  the 
matrix  proteins,  these  activities  result  iargely  from  the  capacity  of  the  polymers  to  adsorb  to  particle 
surfaces. 

Having  identified  a  natural  material  that  is  analogous  to  commercial  polymers,  the  process 
of  evaluating  the  feasibility  of  adapting  the  biopolymer  to  technology  begins.  As  mentioned  above, 
in  the  case  of  these  polymers  from  biominerals  there  is  no  opportunity  to  directly  utilize  the 
polymer.  Rather,  the  strategy  is  to  identify  the  characteristics  of  the  biopolymer  that  make  it 
effective  and  then  proceed  to  evaluate  what  approaches  might  be  taken  to  cost-effectively 
synthesize  art  appropriate  analog. 

MATRIX  PROTEINS  AND  THEIR  ANALOGS 

We  have  focused  our  attention  on  proteins  from  one  particular  system,  the  CaCX>3  shell  of 
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the  Eastern  oyster.  The  proteins  of  this  system  appear  to  exist  in  a  series  of  molecular  weights 
including  soluble  proteins  ranging  from  50  to  thousands  of  kDa  and  insoluble  (possibly  cross- 
linked)  proteins  [4],  What  is  somewhat  unusual  about  these  molecules  is  that  all  the  size  classes 
are  polyanionic,  containing  nearly  60%  aspartic  acid  (Asp)  and  phosphoserine  PSer,  two  anionic 
amino  acids.  Further,  it  appears  that  Asp  may  be  largely  distributed  in  runs  or  domains  of 
polyaspartate  (5).  Other  domains,  such  as  regions  enriched  in  PSer,  may  exist  as  well. 

Having  identified  some  of  the  major  domains  of  the  natural  proteins,  it  was  important  to 
produce  selected  analogs  to  better  evaluate  minimum  structural  requirements  for  activity.  A  variety 
of  small  molecular  weight  polymers  with  specific  sequences  were  synthesized  using  solid  phase 
chemistry  and  tested  for  their  ability  to  adsorb  to  and  inhibit  the  nucleation  and  growth  of  CaCOt 
[6|.  From  these  studies  it  was  clear  that  peptides  with  continuous  runs  of  anionic  residues  were 
most  effective  in  all  categories.  In  particular,  polyaspartate  with  a  degree  of  polymerization  of 
approximately  20  adsorbed  to  CaCO)  with  a  high  capacity  and  could  completely  inhibit  growth  of 
CaCOy  crystals.  Although  the  efficacy  of  polyaspartate  could  be  enhanced  against  crystal 
nucleation  if  it  had  a  higher  degree  of  polymerization,  or  had  a  hydrophobic  or  PSer  terminus,  low 
molecular  weight  polyaspartate  emerged  from  these  studies  as  a  very  simple  model  for  larger  scale 
synthesis. 

In  retrospect,  it  is  perhaps  not  surprising  that  polyaspartate  is  such  an  effective  surface- 
reactive  polymer  given  that  polyacrylate,  also  a  polycarboxylate  (Fig.  1),  is  no  doubt  one  of  the 
most  common  commercial  polymers  used  in  many  of  the  aforementioned  applications.  Ultimately 
one  of  the  important  differences  between  the  two  polymers  resides  in  the  fact  that  polyaspartate  is 
at  lea^l  theoretically  biodegradable  and  polyacrylates  are,  at  best,  poorly  degradable  [71. 
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Figure  1  Comparison  of  the  molecular  structures  of  thermal  polyaspartate  and  polyacrylate. 


SYNTHESIS  AND  CHARACTERISTICS  OF  T!  1ERMAL  POLYASPARTATE 

Although  polyaspartate  appears  to  be  a  suitable  analog  of  both  the  natural  proteins  and 
commercial  polymers,  several  questions  must  be  addressed  before  one  assumes  that  any  new 
polymer  is  an  ideal  candidate  for  development  (Table  1 ).  The  first  question  is  whether  or  not  it  can 
be  made  on  a  large  enough  scale  to  suit  the  requirements  of  a  market  the  size  of  that  for 
polyacrylates. 

Synthesis  of  a  polypeptide  can  be  done  by  a  number  of  methods,  including  those  that  utilize 
solid  phase  or  solution  chemistry  and  genetically  engineered  microbes.  These  methods  have 
advantages  in  allowing  control  ot  composition  and  even  sequence  of  amino  acids.  However,  they 
fail  on  the  basis  of  other  criteria,  such  as  cost  of  producing  large  quantities  or  the  requirement  for 
the  use  of  undesirable  reactants. 

An  alternative  synthetic  method,  dry  thermal  polymerization,  has  been  studied  on  a  small 
scale  for  a  number  ol  years  j8]  and  has  the  advantages  of  not  utilizing  any  additional  reag .  nts  other 
than  amino  acids  and  has  water  as  its  primary  by-product.  The  disadvantages  of  the  technique  are 
that  it  is  difficult  to  control  the  exact  composition  of  peptides  and  nearly  impossible  to  control 
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peptide  sequence.  These  disadvantages,  for  a  simple  polymer  such  as  poly-aspartate,  are  out¬ 
weighed  by  the  fact  that  we  have  shown  the  synthesis  can  be  readily  scaled-up  (9|.  If  temperature 
and  mixing  during  reaction  are  carefully  controlled,  quantities  of  aspartic  acid  as  large  as  100's  of 
kg  can  be  reacted  using  either  batch  or  continuous  feed  commercial  reactors.  It  is  projected  that  the 
requisite  quantities  of  aspartic  acid  to  be  used  in  the  polymer  synthesis  processes  can  be  produced 
by  either  fermentation  or  immobilized  enzyme  processes. 

Table  1 .  Selected  Criteria  for  New  Polymer  Technology 


1 .  Can  polymer  be  produced  in  industrial  settle? 

2.  Does  synthesis  result  in  a  high  yield  of  polymer  ' 

3 .  Does  the  polymer  have  consistent  characteristics? 

4 .  Docs  the  polymer  demonstrate  competitive  performance? 

5.  Is  the  polymer  biodegradable? 

6 .  Is  the  polymer  amenable  to  modification? 


The  reaction  for  thermal  polymerization  of  crystalline  aspartic  acid  is  shown  in  Figure  2. 
The  actual  product  is  a  powdered  polysueeinimide  1 10).  The  lime  for  reaction  is  dependent  on  the 
temperature  of  the  mixture.  A  typical  reaction  is  performed  at  240°  C.  Below  a  certain 
temperature  the  reaction  is  text  slow  to  be  practical  and  will  result  in  poor  yields. 
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Figure  2.  Thermal  polycondensation  of  aspartic  acid  to  polvsuccinimide 

The  succinimide  ring  is  readily  opened  with  base  to  form  the  poly-aspartate  (Fig  3).  The 
rate  ot  hydrolysis  is  dependent  ori  hydroxide  ion  concentration  111,12]  and  temperature  1 12).  Very- 
rapid  rales  can  be  achieved  at  pi  14  1(1  and  60’  (  vv  ithout  danger  of  side  reactions  or  hydrolysis  of 
the  poiymei  backbone  j  1 2 1. 

It  should  be  noted  that  upon  hydrolysis  the  imide  ring  can  open  on  either  side  resulting  in  a 
torm  of  co-polymer  One  of  the  monomers  involves  the  normal  (u )  carbon  in  the  backbone  of  the 
polymer  whereas  for  .he  other  the  [5  carbon  is  involved  The  fraction  of  [f  formed  in  the  thermal 
polymerization  we  perform  is  approximately  70''; .  In  addition,  at  the  normal  temperature  or 
synthesis,  the  polymer  is  made  up  of  a  racemic  mixture  of  1)  and  I.  aspartic  acid  despite  the  fact 
that  synthesis  utilizes  optically  pure  1.  Asp  The  clut.iv  teri'tic  s  of  the  thermal  poly  aspartate  iTI’A) 
and  its  synthesis  are  summarized  in  !  able  2.  These  clurjcteri'  ties  of  the  polymer  are  highly 
repeatable  from  hatch  to  hatch,  winch  is  one  ot  the  principal  criteria  to  be  met  In  a  polymer  in  order 
for  it  to  he  commercial iv  viable  (  Fable  1 ) 
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Figure  3.  Hydrolysis  of  polvsueeinimide. 


Table  2.  Typical  Selected  Characlcrisiics  of  Thcnnal  Polyaspartate  (1  PA)  and  TP  A  Synthesis 
Characteristic  Analysis  Method 


a/p  amide  bonds-* 

0.4 

(Id  NMKh 

D/L  aspartic  acid0 

1.0 

Acid  hydrolysis 
and  po  lari  me  try 

Molecular  weight 

Polvdisperse 

Ave  =  2000  Da 

Si/c  exclusion  HPl.C 

Amine  composition 

>'W'  i  aspartic  acid 

Amino  acid  analysis 

Carbo.vylate  yield 

>')(r ; 

pH  titration 

Primary  structure 

Amide  backbone 

ITIR 

Yield  < T  conversion) 

SIS'i 

I  )ircct  amine  titration 

•'May  vary  slightly  with  pH  of  hsdrnly  is 
^Performed  according  to  1 1 4| 

‘May  vary  with  temperature  of  synthesis  1 14 

.  1 51 

ACTIVITY  OF  THERMAL  POLYASPARTATV. 
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The  ihennally  produced  polyaspartatc  has  been  tested  in  numerous  activity  assays,  the 
majority  of  which  are  designed  to  test  the  efficacy  of  the  polymer  as  a  dispersant,  an  ami  - 
sealant,  and  a  metal  binding  substance.  These  assays  aie  designed  to  reflect  the  viability  of  the 
polymer  in  numerous  commercial  applications  including  use  m  v  "-atmem  formulas,  paper 
processing,  paints  and  detergents  to  name  a  few.  As  a  detergent  additive,  the  dispersant  capability 
would  serve  to  prevent  redeposition  of  soil  on  surfaces  |7  ].  Any  capability  of  the  polymers  to 
prevent  insoluble  minerals  from  forming  or  for  softening"  the  water,  although  noi  the  principal 
functions  of  polyanionic  additives  in  detergents,  would  he  beneficial  as  well  j7,16|. 

To  date,  the  activity  of  polyaspartate  in  the  various  bench  assays  has  been  comparable,  and 
in  some  cases  superior,  to  commercial  polyacry  lates,  one  of  the  principal  polymers  manufactured 
for  many  of  the  above-mentioned  applications.  A  specific  example  of  comparative  activity  is  given 
in  Table  3.  This  data  shows  that  TP  A  is  as  effective  as  an  inhibitor  of  calcium  carbonate  as 
commercial  polymers.  It  is  interesting  to  note  that  the  estimated  average  degree  of  polymerisation 
of  TPA  (approx.  20,  based  on  average  MW  in  fable  2)  is  about  that  which  was  determined 
previously  as  optimal  for  inhibition  of  carbonate  |6|. 


Table  3.  Inhibition  of  Calcium  Carbonate  Crystal  Growth  by  Various  Polymers  and 
Aspartic  Acid 


Inhibitor 

's»a 

Nh 

Th  :rmal  Polyaspartate0 

0.57  pg  ml1 

5 

AspIS'l 

O.bK 

4 

Belclene  5(XT 

0.60 

5 

Aery  sol -2()f 

0.51 

4 

Aery  sol-451 

0.5H 

7 

Aspartate? 

>40 

3 

BS  Albumin1' 

>10 

3 

“The  concentration  of  polymer  required  to  achieve  50ri  inhibition  of  carbonate  crystal  growth  in  a 
pH  stat  assay  |4|. 

''Number  of  data  sets  used  to  determine  Lo. 

c Polyaspartate  produced  by  a  process  described  in  the  text  and  having  a  mean  molecular  weight  of 
approx,  2(XXT 

“A  polyaspartate  made  by  solid  phase  synthesis. 

CA  phosphinocarboxylic  acid  water  treatment  polymer  produced  by  Ciba-Gogy. 

'Acrvsol-20  and  -4?  are  two  polyaery  latex  produced  bv  Rhoni  and  I  bias  having  mean  molecular 
weights  of  approx.  2(XK)  and  450M  respectively 

KMonomerie  I  .-aspartic  acid.  Note  that  a  non  polymeric  anion  is  not  necessarily  an  effective 
inhibitor. 

"Bovine  serum  albumin  Note  ibat  proteins  per  >c  are  not  necessarily  gixni  inhibitors. 


Table  4  shows  a  number  of  additional  assays  in  which  polyaspartate  has  been  compared  to 
polyacrylate  In  each  case  the  activity  of  TPA  is  similar  to  or  exceeds  that  of  poly  acrylate.  These 
findings  give  additional  support  to  the  earlier  observations  that  TPA  may  fulfill  the  activity  criteria 
of  Table  1  for  continued  development  as  a  new  commercial  polymer 
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Table  4.  Assays  for  Which  Activity  of 'Hie mini  Polyaspartate  has  been  Identified  as 
Comparable  to  Polyacrylate 


Inhibition  of  Crystallization  Dispersion 


calcium  phosphate 
calcium  sulfate 
calcium  carbonate 
barium  sulfate 


ferric  oxide 
calcium  carbonate 
zinc  hydroxide 
titanium  dioxide 
kaolin 
Still 


Ion  Binding 

Ca-+.  Mg2*.  Cu2*,  Co2*.  N»2*.  Zn2*.  I  eu 


BIODEGRADABILITY  OF  THERMAL  POLYASPART.-YIT. 

TTiere  are  two  obvious  reasons  to  choose  biopolymers  for  commercialization  ( 1 )  the 
advantage  one  might  gain  from  evolutionary  design  processes,  and  (2)  the  inherent 
biodegradability  of  the  polymers.  Although  one  might  assume  a  priori  that  any  polypeptide  would 
be  biodegradable,  the  actual  demonstration  of  degradability  is  necessitated  by  the  atypical  peptide 
Structure  of  TPA. 

Results  to  date  suggest  that  TPA  is  in  fact  degradable.  This  was  demonstrated  initially 
using  standard  biochemical  oxygen  demand  (BOD)  tests  with  diluted  secondary  effluent  from  a 
sewage  treatment  plant  as  a  source  of  flora  These  tests  demonstrate  approximately  4 OCf  of 
theoretical  oxygen  demand  by  3  ppm  TPA  samples  in  a  3  week  incubation  period.  In  comparison 
both  D  and  1/  aspartic  acid  or  bovine  serum  albumin  were  nearly  completely  degraded  in  shorter 
incubation  periods,  whereas  poly-acrylate  was  not  degraded  at  all  in  longer  incubations.  The 
slower  rate  of  degradation  of  TPA  compared  to  control  molecules  may  he  a  function  of  the 
presence  of  p-iinkages  or  D-amino  acids  or  both,  two  structural  aspects  which  may  make  the 
peptide  a  less  than  ideal  substrate  for  microbial  proteases. 

Because  of  the  low  biomass  used  in  BOD  tests,  these  studies  may  represent  relativelv 
stringent  conditions  for  determining  degradation.  Consequently,  other  tests  are  underway 
including  COj  evolution  studies  w  ith  treatment  plant  sludge  as  the  source  of  flora.  These  kinds  of 
studies  have  been  augmented  by  the  use  of  |4C-lubeiled  TPA  which  allows  the  detection  of 
degradation  using  much  lower,  more  realistic  concentrations  of  polymer.  Depending  on  the  exact 
conditions,  iican  be  demonstrated  that  either  the  rate  or  the  extent  of  degradation  exceeds  that 
demonstrated  by  the  BOD  tests. 


SUMMARY  AND  PROSPECTS 

At  this  time  it  appears  that  TPA  can  be  made  in  large  scale,  is  significantly  biodegradable 
and  has  activity  much  like  a  non-degradable  analog  currently  used  in  numerous  commerical 
applications.  These  characteristics  in  themselves  warrant  continued  development.  However,  the 
last  property  listed  in  Table  I  waiuiits  attention.  That  is.  how  readily  can  the  polymer  be  modified 
to  either  increase  its  efficacy  or  expand  its  uses.  In  partial  answer  to  this,  it  should  be  pointed  out 
that  many  nucleophiles  can  react  with  the  succinimide.  Therefore,  when  N H  i  is  added  to  the  base 
hydrolysis  medium,  a  mixture  of  amide  and  earboxylate  groups  is  produced.  This  is  not  purely  an 
academic  exercise  in  that  it  has  been  noted  that  acrylamide-acrylic  acid  copolymers  have  improved 
activity  in  certain  water-treatment  applications  [  I7|.  Using  the  same  strategy,  cross-linked  gels 
have  been  produced.  This  opens  the  door  for  the  production  of  biodegradable  superabsorbents  for 
the  sanitary,  health  and  agricultural  markets.  The  development  of  this  kind  of  product  would 
parallel  that  for  the  soluble  polyaspanalc*  'V*?  many  of  the  superabsorbents  on  the  market  today 
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are  cross-linked  polyacrylates.  Further,  the  insoluble  polyanions  from  oyster  shell  have 
superabsorbent  properties  and  thus  can  serve  as  examples  that  absorbent  polypeptides  can  be 
made. 
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